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ABSTRACT 
 
Arsenic Removal Effectiveness of Iron Oxide-based Fibrous Adsorbents and 
Stability of Granular Iron Oxide Media  
Arun Kumar 
Supervisor: Dr. Patrick L. Gurian, Ph.D. 
  
 
 
 
This study focuses on two objectives to improve arsenic adsorptive capacities of 
iron oxide-based adsorbents. The first objective was to improve arsenic removal 
effectiveness of iron oxide-based adsorbent by investigating the potential of four types of 
fibrous materials, polypropylene, polyester, fiberglass, and cellulose for their ability to 
retain iron coatings and to remove arsenate. Arsenate adsorption densities were highest 
for iron-oxide coated fiberglass and cellulose, suggesting that these fibrous materials may 
offer advantages over iron-oxide-coated sand. Arsenate mass-transfer was observed to be 
limited by the external mass-transfer resistance initially and intra-particle mass-transfer 
resistance subsequently, which could be improved by introducing additional reactive sites 
on the fibers surface. Further experiments are warranted to make these coated fibers, 
particularly iron-oxide-coated fiberglass fibers, competitive with other commercially 
available arsenic adsorbents.  
The second objective of this work was to understand the combined effects of 
near-neutral solution pH levels, ion types, and concentrations typical of an arsenic 
contaminated groundwater on phase transformation of an iron oxide-based media. Batch 
studies were conducted using a granular iron hydroxide media and combined effects of 
time, pH, and ions were studied by observing changes in mineralogy of media and extent 
of crystallinity of iron oxide media. No major iron oxide phase change was observed 
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during the aging studies and arsenic and other ions were not observed to be introduced in 
the XRD spectra of different iron oxide samples. Initial solution pH and aging time 
appear to be the significant factors affecting the extent of crystallization of different iron 
oxide samples, and the extent of crystallinity was observed to increase with aging time 
and low solution pH. The extent of crystallization of iron oxide was observed to decrease 
for samples, aged in the presence of 0.3 mg/L ferrous iron ions and increase during the 
intermediate pH adjustment studies. Further research work is required to understand the 
effects of ferrous iron and arsenic ions at near-neutral solution pH at room temperature 
for longer periods (i.e., > 1 years) on the crystalline structure of the iron oxide media, and 
their influence on its overall adsorptive capacity.  
 
Keywords: Arsenic, Adsorption, Crystallinity; Granular iron hydroxide, Fibers, Iron 
oxide coating, Media aging, Phase transformation 
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CHAPTER 1. BACKGROUND AND LITERATURE REVIEW 
 
 
1.1 ARSENIC 
Arsenic can be found in natural waters, such as rain water (0.02-16µg/L), river 
water (<0.02-21,800 µg/L), lake water (<0.2-1,000µg/L), estuarine water (0.7-16µg/L), 
seawater (0.7-3.7µg/L), groundwater (<0.5-50,000µg/L), industrial waters, such as mine 
drainage (<1-850,000µg/L), oilfield and related brine (230-243,000µg/L), etc. (Marquez 
et al. 2005; Smedley and Kinniburgh, 2002). Arsenic is found to be stable in four 
oxidation states: +5, +3, 0, and -3, at Eh conditions typical of groundwater (Ferguson and 
Gavis 1972). Arsenic (V), arsenate, predominates in oxidizing environments with arsenic 
(III), arsenite, found under reducing conditions. Arsenic metal is not found commonly, 
and arsenic in the -3 oxidation state occurs at extreme reducing conditions. Fig. 1-1 
shows the pC-pH diagrams for arsenate and arsenite ions, the major oxidation states of 
arsenic found in natural waters.  The relevant chemical reactions are shown below 
(Westall et al. 1976): 
 
−+− +↔ 34
2
4 AsOHHAsO  
Log K = 11.5 (1-1) 
−+− +↔ 3442 2 AsOHAsOH  
Log K = 18.46 (1-2) 
−+ +↔ 3443 3 AsOHAsOH  
Log K = 20.7 (1-3) 
−+− +↔ 33
2
3 AsOHHAsO  
Log K = 13.414 (1-4) 
−+ +↔ 3333 3 AsOHAsOH  
Log K = 34.474 (1-5) 
−+− +↔ 3332 2 AsOHAsOH  
Log K = 25.454 (1-6) 
−++ +↔ 3334 4 AsOHAsOH  
Log K = 34.439 (1-7) 
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Figure 1-1: pC-pH Diagrams of Arsenic Ions: (a) As(V) and (b) As(III) (conditions: 
As: 50 μg/L, Fe3+: 5.6 μg/L)  
 
 
 
1.2 ARSENIC REMOVAL TECHNOLOGIES 
Arsenic has been associated with both cancer (skin, lung, and urinary bladder) and 
non-cancer health effects, such as keratosis (i.e., skin lesions) (Brown and Ross 2002). 
Arsenic toxicity depends on its oxidations states. Arsenite has been observed to be more 
toxic than arsenate (Ferguson and Gavis 1972). A great deal of effort has been devoted to 
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the development of new arsenic removal technologies. A number of treatment processes 
for the removal of arsenic from drinking water are available to meet the lower arsenic 
standard, including conventional coagulation/precipitation, iron/manganese removal, 
membrane filtration, ion exchange, adsorption, reverse osmosis, and electrodialysis 
(Gurian et al. 2004; Kartinen and Martin 1995). Arsenate can more easily be removed 
using these treatment processes than arsenite (Kartinen and Martin 1995) and is less toxic 
than arsenite (Manning and Goldberg 1997). For water from a reducing environment 
(typically waters with high soluble iron and manganese) it may be necessary to oxidize 
arsenite to arsenate prior to treatment. The oxidation can be accomplished by any of a 
number of different methods, such as chemical oxidation using manganese oxide and 
potassium permanganate (Jekel and Seith 2000), biological oxidation (Lievremont et al. 
2003), solar oxidation (Lara et al. 2006), and ultraviolet irradiation (Lee and Choi 2002). 
When soluble iron is present, this pre-treatment may remove arsenic by adsorption to the 
iron hydroxide precipitates which will be formed. 
Cost-estimates of likely compliance methods indicate that for large treatment 
plants coagulation/filtration (or coagulation/microfiltration) is the most cost-effective 
removal process (McNeill and Edwards 1995; Frey and Edwards 1997; Gurian et al. 
2001; USEPA 2001), while for smaller plants the use of fixed-bed adsorbents is cost-
effective. There is at this point only limited data on full-scale arsenic applications, but 
what information is available tends to support these cost studies. The largest arsenic 
treatment plant in operation is a coagulation/filtration plant, situated in the Rio Grande 
valley immediately north of El Paso, TX, U.S.A. (EPWUPSB 2005), while numerous 
adsorption processes are in operation at smaller plants (Chen et al. 2004; Gurian et al. 
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2006).Coagulation/flocculation processes produce large quantities of solid residuals 
which require further treatment and disposal, making this process expensive for small 
water utilities. Reverse osmosis is very effective in removing arsenic below 10 μg/L from 
water but costs more and requires frequent pre-treatment of membranes to avoid its 
fouling. Ion exchange process might not be useful when groundwater contains very high 
concentrations of background ions that compete strongly with arsenic for the same 
adsorption sites. On the other hand, small-scale plants and point-of-use systems generally 
use adsorption and ion-exchange technologies because of ease of handling and sludge-
free operation. Adsorption process is more versatile than ion exchange and less expensive 
than membrane separation (Chen et al. 1999). 
 
1.3 ADSORPTION 
Adsorption is a process in which a substance accumulates or concentrates at a 
surface or interface (Weber 1972).  The substance which accumulates or concentrates is 
called the adsorbate and the adsorbing phase is called the adsorbent. Adsorptive treatment 
processes can achieve high concentration efficiency and are simple to operate, as these 
processes do not require chemical feed and have low capital and operating costs (Lee et 
al. 2003; Chen et al. 2004; Gurian et al. 2006). Aluminum and iron have been used to 
prepare arsenic adsorbents. Activated alumina is more cost-effective than membrane 
separation techniques and more versatile than the ion exchange process, but it requires 
pH adjustment to ensure effective treatment. The optimum pH range of activated alumina 
for adsorption is 5.5-6, and thus the pH of most ground waters (typical pH 6-9) would 
need to be decreased for efficient removal of arsenic (Lee et al. 2003). However, 
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adsorption on iron oxide-based adsorbents has been observed to be less pH-dependent 
(Goldberg and Johnston 2001; Dzombak and Morel 1990). As iron oxide-based 
adsorbents are applicable at different pH ranges in treating water, a detailed description is 
given below to provide a better understanding of these adsorbents. 
 Previous studies have developed different types of iron-based adsorbents such as 
zero-valent iron (ZVI) (Su and Puls 2003; Lackovic et al. 2000), microporous metal 
hydroxides (CH2MHill 2004; Driehaus et al. 1998; Daus et al. 2004), iron-coated 
materials (Joshi and Chaudhuri 1996; Vaishya and Gupta 2003; Thirunavukkarasu et al. 
2003a; Benjamin et al. 1996; Zeng 2004; Murugesan et al. 2005), and natural materials 
(Zhang et al. 2004; Chakravarty et al. 2002; Loukidou et al. 2003) for removing arsenic 
from contaminated groundwater. Table 1-1 presents a summary of arsenic adsorptive 
capacities, calculated at 20 μg/L aqueous arsenic concentration as this was considered 
typical of raw water arsenic in U.S. applications (Lockwood et al. 2001), and cost-
effectiveness of these iron-based adsorbents. Arsenic adsorbents range from high-density, 
high-cost materials, such as iron hydroxide media and ZVI, to low-density, low-cost 
materials, such as iron oxide-coated sand and iron ore (Table 1-1). The arsenic removal 
costs of the proprietary media (estimated at $2.3-5.1/g removed) overlapped those of iron 
oxide-coated sand (estimated at $3.3-4.2/g), supporting the current trend towards the use 
of metal hydroxide media. However, the close comparability of alternative approaches 
such as iron-coated materials, ZVI, and biomass materials suggests that continued 
research in a variety of directions is justified. In particular, iron-coated materials show 
promise, as they are already close to competitive with the proprietary media and 
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alternative coating techniques and materials may have the potential to improve the 
performance of these adsorbents.  
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Table 1-1: Arsenic Adsorbents  
Reference Media pH Sorption 
Density* 
mg As/g 
Bed 
Volumes 
Treated 
Material 
Cost 
$/ton 
Cost of 
Arsenic 
removal 
$/g As 
Basis 
Zero-valent Iron 
Lackovic et 
al. (2000) 
 
Fe0 6.3 0.67 740 400 0.60 p. 32 
 
 
Su and Puls 
(2003) 
Fe0 6.0-
6.5 
0.36 320 400 1.11 p. 2584 
Micro Porous Metal Hydroxides 
CH2M Hill 
(2004) 
Small 
SORB 33 
6.8 6.22 135,000 14,000 2.25 Mass 
balance 
 
CH2M Hill 
(2004) 
Large 
SORB 33 
 
6.8 6.02 120,000 14,000 2.33 Mass 
balance 
CH2M Hill 
(2004) 
GFH 
 
6.8 2.05 110,000 7,200 3.51 Mass 
Balance 
 
Driehaus et 
al. (1998) 
 
GFH 7.8 1.4 37,000 7,200 5.14 Table 1, 
p. 35 
Daus et al. 
(2004) 
Zr-loaded 
activated 
carbon 
 
8.0 2.8 117 NA NA Table 1 
Daus et al. 
(2004) 
GIH 8.0-
9.0 
 
2.3 352 NA NA Table 1 
Daus et al. 
(2004) 
Absorpti
ons 
mittel 3 
 
8.0-
9.0 
2 97 NA NA Table 1 
Deliyanni et 
al. (2003) 
Akaganei
te-
Nanocrys
tal 
 
7.5 1.18 NL NA NA Isotherm 
parameters 
Iron-coated Materials 
Joshi and 
Chaudhuri   
(1996) 
 
IOCS 7.5-
7.8 
0.1† 150 100 1.00 Mass 
balance 
Vaishya and 
Gupta (2003) 
 
IOCS 7.2-
7.4 
0.09† 125 100 1.18 Mass 
balance 
       (continued) 
Fe-Iron, GFH-Granular ferric hydroxide, GIH-Granular iron hydroxide, IOCS-Iron oxide-coated sand, 
Mass balance-Calculated based on column influent and effluent arsenic concentrations and number of BVs 
treated, NA-Not available, NL-Not listed, Zr-Zirconium 
 
*Sorption density is calculated for 20 μg/L equilibrium arsenic concentration. 
†Based on high influent arsenic (1,000 μg/L), may not be realistic for U.S. drinking water applications. 
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Table 1-1: Arsenic Adsorbents (Continued) 
Reference Media pH Sorption 
Density* 
mg As/g 
Bed 
Volumes 
Treated 
Material 
Cost 
$/ton 
Cost of 
Arsenic 
removal 
$/g As  
Basis 
Iron-coated Materials 
Vaishya and 
Gupta (2003) 
 
IOCS 7.2-
7.4 
0.04 54 100 2.70 Mass 
balance 
Thirunavukka
rasu et al. 
(2003a) 
 
IOCS 7.6 0.03 1,000 100 3.33 From 
Fig. 1 
p. 102 
Benjamin et 
al. (1996) 
IOCS 8.0 0.02 600 100 5.00 From 
Fig. 8 
 
Zeng 2004 Iron(III) 
oxide/ 
silica 
 
6.5 4.04 NL NA NA Isotherm 
parameters 
Murugesan et 
al. (2005) 
 
Iron 
chloride 
tea fungal 
biomass 
 
7.2 0.3 NL NA NA Isotherm 
parameters 
Katsoyiannis 
and Zouboulis 
(2002) 
 
PolyHIPE 5.0 0.014 250 NA NA Mass 
balance 
Natural Materials 
Zhang et al. 
(2004) 
Iron Ore 5.0 0.03 NL 50 1.67 Isotherm 
parameters 
 
Chakravarty 
et al. (2002) 
Ferrugino
us Ore 
6.5 0.01 NL 56 5.60 Isotherm 
parameters 
 
Coagulation 
Edwards 
(1994) 
Ferric 
hydroxide 
7.0-
8.0 
4.6 NL 400 0.09 Fig. 9 
IOCS-Iron oxide-coated sorbents, Mass balance-Calculated based on column influent and effluent arsenic 
concentrations and number of BVs treated, NA-Not available, NL-Not listed 
 
*Sorption density is calculated for 20 μg/L equilibrium arsenic concentration. 
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 Table 1-2: Coating Conditions and Iron Loadings of Different Iron Oxide-coated 
Arsenic Adsorbents    
Reference Materials Initial 
Iron 
Conc. 
mol/L 
Coating 
Solution 
pH 
Coating 
Temperature 
(°C) and 
Duration (h) 
Iron 
Loading 
mg/g 
Min and Hering 
(1998) 
Calcium 
alginate beads 
 
0.001 NR 72 h 0.025 
Zouboulis and 
Katsoyiannis 
(2002) 
Alginate beads 
(iron coating) 
 
0.3 5 24 h 1 
Zouboulis and 
Katsoyiannis 
(2002) 
Sodium alginate 
(iron doping) 
 
0.05 5 - 3 
Munoz et al. 
(2002) 
Cellulose 
 
0.1 2 75 (24 h) 14 
Banerjee et al. 
(2007) 
Sodium alginate 
+ CaCl2.2H2O 
 
0.1 NR 4-7 (24 h) 38 
Thirunavukkarasu 
et al. (2003a) 
Sand (2 step) 2 Acidic 110 (44 h) 
+550 (3 h) 
+20 (100 h) 
 
45 
Matsunaga et al. 
(1996) 
Chelating resin 
LDA 
 
0.1 3 25 (5 h) 50 
Cumbal and 
Sengupta (2005) 
Purolite A-400 
 
0.25 2 50-60 (2 h) 60 
Blackwood (2007) 
 
Polypropylene 0.25 8.5 25 (24 h) 62 
Vatutsina et al. 
(2007) 
FIBAN-As 
 
NR NR NR 64 
Ghimire et al. 
(2003) 
Phosphorylated 
orange waste 
 
0.001 3 30 (24 h) 68 
Katsoyiannis et al. 
(2002) 
 
PolyHIPE 
 
0.3 5 25 (3 h) 93 
Chen et al. (2007) SAI carbon 
 
2 4-5 105 (12h) 154 
Guo and Chen 
(2005) 
Cellulose  
(7 step) 
0.62 3.5-4 25 468 
FIBAN-Fibrous ion-exchanger, LDA- Lysine-Nα, Nα –Diacetic Acid, PolyHIPE- A novel microporous 
material produced by the polymerization of a high internal phase emulsion, NR- Not reported, 
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 1.3.1 Iron Oxide-based Adsorbents 
Adsorption on iron oxide surfaces has received significant attention and much 
research is underway because of its effective removal of arsenic and ease of operation 
and handling (Thirunavukkarasu et al. 2003a). Ferric iron has affinity towards inorganic 
arsenic species, and thus it selectively removes arsenic from water. For iron oxide-coated 
adsorbents, the extent of iron loading depends on material characteristics, such as surface 
area, the presence of surface functional groups capable of binding iron, such as silanol, 
hydroxyl, carboxyl, ammonium, etc., and coating conditions, such as pH, temperature, 
initial iron concentration and duration used (Xu and Axe 2005; Ghimire et al. 2003; 
Cumbal and Sengupta 2005; Matsunaga et al. 1996; Benjamin et al. 1996).  
Table 1-2 presents the summary of coating conditions used in preparing different 
iron oxide-coated arsenic adsorbents and their iron loadings.   Materials (substrates, 
hereafter) such as sand (Vaishya and Gupta 2003; Benjamin et al. 1996), zeolites (Payne 
and Abdel-Fattah 2005), calcium alginate beads (Banerjee et al. 2007; Zouboulis and 
Katsoyiannis 2002; Min and Hering 1998), activated carbon (Payne and Abdel-Fattah 
2005), resin (Matsunaga et al. 1996), ion exchangers (Cumbal and Sengupta 2005), and 
cellulose (Ghimire et al. 2003) have been used to develop iron oxide-based adsorbents 
(Table 1-2). These adsorbents have been developed by using two different types of 
coating procedures: (a) Adsorption method, and (b) Precipitation method (Xu and Axe 
2005). In the adsorption method, iron solution is first prepared using an iron source such 
as ferric chloride or ferric nitrate, the solution pH is adjusted to the required coating pH 
using acid or base, and then the substrate is submerged in the iron solution/precipitate for 
the desired coating duration at the desired temperature (room or higher temperature) (Xu 
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and Axe 2005; Benjamin et al. 1996). In the precipitation coating method, the pH of the 
iron solution is adjusted in the presence of substrate and then the substrate is maintained 
in the iron solution/precipitate for the desired coating duration at the desired temperature 
(room or higher temperature). Solution pH determines the iron species present in solution 
during coating process. The speciation diagram of iron at different solution pH conditions 
is given in Fig. 1-2 and the relevant chemical reactions are shown below (Westall et al. 
1976): 
++↔+ ++ 32
2 FeOHHFeOH  Log K = -2.187 (1-8) 
++↔+ ++ 322 22)( FeOHHOHFe  
Log K = -4.594 (1-9) 
++↔+ + 323 33)( FeOHHOHFe  
Log K = -12.56 (1-10) 
++↔+ +− 324 44)( FeOHHOHFe  
Log K = -21.588 (1-11) 
 
At acidic coating pH conditions, iron binds with substrates through an ion exchange 
process (i.e., replaces H+ ions from substrates) (Schiedegger et al. 1993; Xu and Axe 
2005) and at basic coating pH conditions, iron hydroxide precipitates deposit on 
substrates (Benjamin et al. 1996; Zeng 2003). Coating temperature determines the 
strength and iron oxide phase of the oxide coating (Benjamin et al. 1996). High 
temperature treatment provides a stronger iron oxide coating, but at the expense of its 
arsenic adsorptive capacity as more crystalline iron oxide phases have lower adsorptive 
capacities than amorphous or lesser crystalline iron oxide phases (Fuller et al. 1993; 
Benjamin et al. 1996; Schwertmann and Cornell 2000).  
  
12 
0
20
40
60
80
100
0 2 4 6 8 10 12 14
pH
%
 U
ni
ts
Fe(3+) FeOH(2+) FeOH2(+) FeOH4(-) Fe(OH)3
 
Figure 1-2: Speciation Diagram of Ferric Iron (Fe3+: 5.6 μg/L, AsO43-: 50 μg/L) 
 
 
 
Optimal selection of substrate properties (i.e., specific surface area and 
availability of functional groups capable of binding iron oxide) and coating conditions 
(i.e., coating temperature, coating pH, and initial iron concentration) (Xu and Axe 2005; 
Ghimire et al. 2003; Cumbal and Sengupta  2005; Matsunaga et al. 1996; Benjamin et al. 
1996) can provide a strong iron oxide coating on substrate. Previous studies have used 
different combinations of coating temperature (ranging from 25°C to 110°C), coating pH 
(ranging from acidic to basic pH) and initial iron concentration (ranging from 0.001M to 
2.5M) to produce iron loadings of 0.025 to 468 mg Fe/g media on different substrates 
(Table 1-2). Analysis of substrate properties indicates that for a given coating condition, 
iron retention primarily depends on the availability of functional groups capable of 
binding iron and high specific surface area. Fibrous materials, such as activated carbon 
fibers (Suzuki 1991), polypropylene (Mitchell-Blackwood et al. 2007; Konrath and 
Hsuan 2002), polyester (Koerner 1998), fiberglass (Bismarck et al. 2004), and cellulose-
based natural materials (Ghimire et al. 2003; Guo and Chen 2005) etc., possess high 
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surface area due to their small diameter and porous structure (Ghimire et al. 2003) and 
could also be potentially explored as prospective substrates for preparing iron oxide-
based adsorbents.   
1.3.2 Arsenic Adsorption 
1.3.2.1 Adsorption Mechanisms 
Arsenic removal from iron oxide surfaces has been attributed to ion exchange, 
adsorption to hydroxyl groups or coprecipitation (Deliyanni et al. 2003). In surface 
complexation processes, ions form surface complexes with iron species (Dzombak and 
Morel 1990; Fuller et al. 1993; Pedersen et al. 2006). The chemistry of this reaction 
depends on the types of iron species and iron oxide phases present, solution pH, and 
presence of co-solutes with arsenic in water (Fuller et al. 1993; Raven et al. 1998; 
Ghimire et al. 2003; Cumbal and Sengupta 2005; Guo and Chen 2005; Munoz et al. 
2002; Holm 2002). Arsenic forms monodentate surface complexes on iron oxide species 
by ligand exchange with hydroxyl groups at the iron oxide surface (Waychunas et al. 
1993).  Depending on arsenic/iron molar ratio, bidentate surface complexes and binuclear 
surface complexes have been observed (Raven et al. 1998). Results of extended X-ray 
absorption fine structure analysis of arsenate adsorption on iron oxide media indicate that 
formation of these surface complexes depends on the coverage of arsenic on iron oxide 
media. At low surface coverage, arsenate forms primarily monodentate complexes and at 
high surface coverage, it forms bidentate binuclear and bidentate mononuclear complexes 
on the iron oxide surface. Fig. 1-3 shows a schematic of adsorption chemistry of arsenic 
on iron oxide surfaces. In addition to arsenic removal by iron oxide surfaces through 
surface complexation processes, structural incorporation of arsenic into the crystalline 
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structure of iron oxide has also been observed to be another route of arsenic removal 
(Ford 2002). The structural incorporation of arsenic within iron oxide crystals has been 
observed when iron oxide media is undergoing phase transformation in the presence of 
arsenic. 
 
 
 
 
Figure 1-3: Schematic of Adsorption Chemistry of Arsenic Removal by Iron Oxide 
Surfaces (Source: Fuller et al. 1993; Waychunas et al. 1993; Schwertmann and Cornell 
2000) 
 
 
 
1.3.2.2 Adsorption Kinetics and Mass-transfer 
The adsorption kinetics of arsenic on iron oxide-based adsorbents depends on the 
adsorbent’s physical characteristics, such as surface area, porosity and chemical 
characteristics, such as iron sites capable of binding arsenic. A summary of arsenic 
removal kinetics of different arsenic adsorbents is given in Table 1-3. Arsenic adsorption 
on iron oxide may take anywhere from few hours to achieve 50% arsenic removal from 
solution (Raven et al. 1998; Waltham and Eick 2002; Pierce and Moore 1982; 
Thirunavukkarasu et al. 2003b) to much longer time periods (> 15 days) to achieve 
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equilibrium (Driehaus et al. 1998; Badruzzaman et al. 2004). Iron oxide-coated 
adsorbents, prepared from different substrates, such as sand (Joshi and Chaudhuri 1996; 
Vaishya and Gupta 2003), phosphorylated orange waste (Guo and Chen 2005), tea fungal 
biomass and activated carbon (Chen et al. 2007), have been reported to take 0.5 h to 4.5 h 
for achieving 50% arsenic removal compared to other adsorbents such as activated 
alumina which takes > 170 h to achieve equilibrium for arsenic removal (Lin and Wu 
2001).  
Arsenic mass-transfer on iron oxide-based adsorbents, such as granular ferric 
hydroxide has been described by four sequential steps using the analogy of adsorption 
mechanisms of organic compounds on granular activated carbon: (1) diffusion through 
the bulk liquid, (2) film diffusion, (3) intraparticle diffusion, and (4) adsorption on the 
solid surface (Badruzzaman et al. 2004). Bulk liquid diffusion and adsorption on the solid 
surfaces are fast and thus not rate-limiting in mass transport processes. Contaminant flux 
through the film surrounding the adsorbent particle, directly proportional to the linear 
concentration gradient across the film, can be minimized by optimizing particle size, 
porosity of bed, and Reynolds numbers within packed beds. Intraparticle diffusion may 
consist of pore diffusion (i.e., diffusion within pores) and surface diffusion (i.e., diffusion 
along the adsorbent surface within the pores). The surface diffusion model appears to 
successfully model cation adsorption on metal oxides (Axe and Trivedi 2002; 
Badruzzaman et al. 2004; Kuriakose et al. 2004; Guo and Chen 2005).  
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Table 1-3: Arsenic Adsorption Kinetics of Different Iron Oxide-based Adsorbents 
Reference Media Experimental 
Conditions 
Arsenic 
Removal (%)/ 
Duration(h) 
Vatutsina et al. 
(2007) 
Fibrous anionic 
exchanger 
pH 7.7, 9 g/L As(V) 50% (0.006h) 
 
Greenleaf et al. 
(2006) 
Hybrid ion exchange 
fibers 
pH 7.1, 0.1 mg/L As(V), 
100 mg/L SO42- 
50% (0.04h) 
Waltham and Eick 
(2002) 
Goethite pH 4, 7.5 mg/L As(V) 98% (0.16h) 
 
Pierce and Moore 
(1982) 
Amorphous-iron 
hydroxide 
pH 8, 1 mg/L As(V) 90% (1h) 
 
Joshi and 
Chaudhuri (1996) 
Iron oxide-coated sand pH 7.5-7.8, 1mg/L As(V), 
190-200 mg/L CaCO3 
50% (0.25h) 
Vaishya and Gupta 
(2003) 
Iron impregnated sand pH 7, 1mg/L As(V) 50% (0.25h) 
Ghimire et al. 
(2003) 
Iron oxide-coated 
phosphorylated orange 
waste 
pH 4, 15 mg/L As(V) 67% (0.5h) 
Matsunaga et al. 
(1996) 
Iron (III) loaded 
chelating resin 
pH 3.5, 16.5 mg/L As(V) 50% (0.5h) 
Murugesan et al. 
(2006) 
Iron chloride tea fungal 
biomass 
pH 7.2, Arsenic: NR 50% (0.62h) 
Thirunavukkarasu 
et al. (2003b) 
Granular ferric hydroxide pH 7.6, 0.1 mg/L As(V) 
 
50% (0.76h) 
Chen et al. (2007) Iron oxide-coated 
activated carbon 
pH 6, 1 mg/L  As(V) > 80% (3h) 
Greenleaf et al. 
(2006) 
Purolite A-100 pH 7.1, 0.1 mg/L As(V), 
100 mg/L SO42- 
50% (3.9h) 
Guo and Chen 
(2005) 
Bead cellulose filled with 
iron oxyhydroxide 
pH 7, 7.5 mg/L As(V) 50% (4.5h) 
Min and Hering 
(1999) 
Calcium alginate beads pH 4, 0.4 mg/L As(V) 50% (45h) 
 
Zeng (2004) Iron(III)Oxide/Silica pH 7.3, 50 mg/L As 28% (3h) 
Raven et al. (1998) Ferrihydrite pH 4.6, 2g/L As(V) 24% (96h) 
Lin and Wu (2001) Activated alumina pH 6.9, 6.1 mg/L As(V) Equilibrium  
(170 h) 
NR-Not reported 
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1.3.3 Fibrous Materials: Prospective New Substrates for Iron Oxide-based 
Adsorbents  
Fibrous materials, such as activated carbon fibers and ion-exchange fibers, have 
been observed to offer faster kinetics and greater removal of metals and organic matter 
compared to their granular counterparts (Dominguez et al. 2002; Suzuki 1991). Iron 
oxide-based adsorbents, developed using fibrous materials, have the possibility of 
improving the kinetics and extent of arsenic removal from contaminated water as iron 
sites, available on fiber’s surface, would be more accessible to arsenic than those within 
porous granules, and thus aiding in reducing mass-resistance for arsenic to reach to the 
binding sites. Observed longer time to achieve equilibrium for arsenic removal by these 
iron oxide-based adsorbents indicates mass-transport limitations due to diffusion 
mechanisms (Badruzzaman et al. 2004, Sperlich et al. 2005), which could be improved 
by using adsorbents with accessible iron sites for arsenic adsorption, such as that 
available with fibrous ion exchangers (Greenleaf et al. 2006; Vatutsina et al. 2007). These 
fibrous ion exchange fibers have been observed to provide faster arsenic removal (t0.5: 
0.006 h to 0.04h) (Greenleaf et al. 2006; Vatutsina et al. 2007) compared to other iron 
oxide-based adsorbents. The relatively short contact time necessary to achieve 50% 
arsenic removal indicates that arsenic adsorption on these fibrous ion exchange fibers is a 
chemically-controlled process rather than a diffusion-controlled process (Ho and McKay 
2000). A literature review indicates that very few studies have focused on exploring the 
possibility of using fibrous materials as prospective substrate for developing iron oxide-
based fibrous adsorbents for removal of metals, such as arsenic, from water. Thus more 
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research work exploring the possibility of developing iron oxide-based fibrous arsenic 
adsorbents is warranted. 
1.3.4 Stability of Iron Oxide-based Adsorbents 
Arsenic removal effectiveness of iron oxide-based media primarily depends on 
the availability of iron sites (Raven et al. 1998). Availability of iron sites depends on the 
phase of the iron oxide-based media (Fuller et al. 1993; Schwertmann and Cornell 2000). 
Iron oxide may have different phases, such as amorphous iron oxide, ferrihydrite, 
akaganeite, goethite, hematite, etc., depending on conditions, such as pH, temperature, 
and duration, used for preparing iron oxide-based adsorbents (Benjamin et al. 1996; 
Schwertmann and Cornell 2000). Over time, an unstable and less crystalline iron oxide 
phase, such as amorphous iron oxide, ferrihydrite or akaganeite, transforms to stable and 
crystalline iron oxide phase, such as goethite or hematite, depending on solution pH, 
temperature and ions present in solution (Schwertmann and Cornell 2000, Baltpurvins et 
al. 1996; Andreeva et al. 1995; Ford 2002; Jang et al. 2003). During phase 
transformation, both surface adsorption and structural incorporation capacity of iron 
oxide phase for metals and organic compounds change. Metal adsorptive capacity of iron 
oxide-based media decreases with transformation of poorly crystalline phase to 
crystalline iron oxide phase as crystalline and ordered iron oxide phases possess smaller 
surface areas than amorphous and less ordered iron oxide phases. Amorphous iron oxide 
and ferrihydrite possess higher metal adsorptive capacities than more ordered and stable 
crystalline iron oxide phases, such as akaganeite, goethite and hematite (Fuller et al. 
1993; Schwertmann and Cornell 2000; Kumar et al. 2007b).  
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Iron oxide-based media, such as granular iron hydroxide (GIH) media, has been 
reported to provide more than 200,000 bed volumes (BVs) of treated water with arsenic 
concentration below 10 μg As/L for more than 1.5 years of operation without any 
regeneration (Driehaus 2002). During this prolonged operational period, the crystalline 
structure of the iron hydroxide may shift towards more stable forms (i.e., goethite or 
hematite) that have less affinity for arsenate (Fuller et al. 1993, Schwertmann and Cornell 
2000; Kumar et al. 2007b) and may influence the overall performance of iron oxide-
based media in packed-bed systems. It becomes important to study the possibility of 
change in arsenic adsorptive capacities of these adsorbents during prolonged exposure to 
groundwater water, consists of different ions.  
Some studies have addressed the effect of aging on arsenic adsorptive capacity of 
iron oxide-based media. For example, a study conducted by the Sandia National 
Laboratories observed the effect of high temperature on crystallinity of iron oxide-based 
media and its influence on arsenic adsorption capacity during the treatment of the 
Socorro groundwater for arsenic (Siegel et al. 2007). In that study, no significant change 
in X-ray powder diffraction (XRD) patterns of the iron oxide media were reported when 
it was aged in deionized water at 20 ºC or 37 ºC for 9 to 11 weeks. To understand the 
effect of aging on arsenic adsorptive capacity of arsenic treatment residuals, Ela et al. 
(2005) monitored the leaching of iron and arsenic from a column packed with paper, 
arsenic treatment residuals, compost, and anaerobic digester sludge and observed 
leaching of 70% iron and 75% arsenic after 27 months and suggested that the 
solubilization of iron and reduction in surface area might have helped in increasing the 
arsenic leaching rate. Very few studies have focused on the combined effects of pH, ion 
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types and concentrations typical of an arsenic contaminated groundwater, to which iron 
oxide media is consistently exposed during groundwater treatment for arsenic, on phase 
transformation of iron oxide media and its resulting effects on its arsenic adsorptive 
capacity. Detailed understanding of the adsorptive behavior of media over time is needed 
to predict its long-term adsorptive capacity (Ford et al. 1997), and thus more research 
work to understand the combined effects of near-neutral solution pH levels, ion types and 
concentrations typical of an arsenic contaminated groundwater to phase transformation of 
an iron oxide-based media and its arsenate adsorption capacity is justified. 
 
1.4 OBJECITVES AND HYPOTHESIS OF THE PRESENT WORK 
This study focuses on two objectives to improve arsenic adsorptive capacities of 
iron oxide-based adsorbents. The first objective is to improve arsenic removal 
effectiveness of iron oxide-based adsorbent (kinetics and extent of arsenic removal) by 
investigating the potential of using fibrous materials to develop iron oxide-based sorbents 
for arsenic removal (Objective 1). This objective was based on the hypothesis that fibrous 
materials can retain higher iron loading and can provide faster and greater arsenic 
removal compared to conventional substrate, such as sand due to their high specific 
surface area The second objective of this work was to understand the combined effects of 
near-neutral solution pH levels, ion types, and concentrations typical of an arsenic 
contaminated groundwater on phase transformation of an iron oxide-based media 
(Objective 2). There is a possibility that different ions, such as ferrous iron, sulfate, 
nitrate, chloride, etc., commonly found in groundwater may affect the crystalline 
structure of iron oxide media and influence its arsenic adsorption capacity over time.     
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To investigate the feasibility of using fibrous materials to develop iron oxide-
based arsenic adsorbents (Objective 1), the following questions were proposed:  
1) What is the iron retention ability of fibrous material and how does it compare with 
iron retention abilities of conventional materials used to develop iron oxide-based 
adsorbents? 
2) How does the use of fibrous materials instead of granular material help in 
improving arsenic removal performance of these iron oxide-based adsorbents 
(kinetics and extent of arsenic removal)?  
In order to answer these questions, iron oxide coating and arsenic adsorption studies were 
conducted using four different commercially available fibrous materials: polypropylene, 
polyester, fiberglass, and cellulose. All of these fibrous materials are widely and readily 
available (fiberglass is a common insulation, polypropylene and polyester fibers are used 
in geosynthetic mats, and cellulose fibers are found in many agricultural waste products, 
such as straw). In addition, sand was considered here to provide a basis of comparison 
between these novel fibrous materials and a granular material, which has been widely 
studied by previous researchers (Vaishya and Gupta 2003; Thirunavukkarasu et al. 
2003a; Joshi and Chaudhuri 1996; Benjamin et al. 1996). Iron oxide-retention capacity of 
fibrous materials was investigated under different coating conditions. The arsenic 
removal effectiveness of these novel iron oxide-based fibrous adsorbents was also 
investigated and compared with conventional iron oxide-based adsorbents.  
To understand the combined effects of solution pH and ion types on phase 
transformation of iron oxide media and its influence on arsenic adsorptive capacity 
(Objective 2), the following questions were proposed: 
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1) How does the media transform over time? 
2) How do pH, aging time, and ions present in the solution affect phase 
transformation of media? 
In order to answer these questions, a commercially available granular iron 
oxy(hydr)oxide media was exposed to different ions at concentrations typical of that 
found in an arsenic contaminated groundwater for different time periods at near-neutral 
solution pH levels. The degree of crystallinity and mineralogical information of different 
iron oxide samples were used to understand the effects of different environmental 
conditions, such as aging time, ion types, and pH on phase transformation of media.  
 
1.5 SCOPE OF THE WORK 
This chapter presents the summary of arsenic removal technologies and their 
associated problems and identifies the gaps where more research work is warranted to 
provide efficient arsenic removal technologies. Objectives and hypotheses of the present 
research work are also presented. Chapter 2 discusses the iron oxide coating ability of 
fibrous materials. Arsenic removal effectiveness of these iron oxide-based fibrous 
adsorbents is discussed in Chapter 3. The effects of aging time, pH, and ions present in 
solution on phase transformation of iron oxide-based media are discussed in Chapter 4. 
Chapter 5 presents the summary and conclusions of the present research work and 
recommendations for future work. 
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CHAPTER 2: IRON OXIDE COATING OF FIBROUS MATERIALS 
 
2.0 ABSTRACT  
Iron oxide-coated sand has been demonstrated to be an effective adsorbent 
material for the removal of arsenic and other metals and metalloids from drinking water 
and wastewater. In this study, fibrous materials were evaluated for their ability to offer a 
high-specific surface area alternative to sand as the substrate for the iron oxide coating. 
Four types of fibrous materials: polypropylene, polyester, fiberglass, and cellulose were 
evaluated for their ability to retain iron oxide coating. Sand was also evaluated to provide 
a basis for comparison with previous research. Polypropylene, polyester and cellulose 
fibers appear to have iron retention capacity comparable to sand (i.e., 33-41 mg Fe/g 
media at room temperature). Coating at room temperature was preferred for all the 
materials except fiberglass insulation for which higher iron loadings (i.e., 206 ± 32 mg 
Fe/g media) were obtained at higher temperature (110°C).  An iron concentration of 
0.25M Fecoating was adequate to saturate most of the materials with iron. The iron oxide 
deposition on fiberglass insulation fibers was concluded to be a loosely attached surface 
coating based on the surface morphology of coated fibers and consists of a combination 
of akaganeite and goethite iron oxide phases. In general, the application of fibers for 
retaining iron oxide appears to be promising and further research to improve the 
uniformity and durability of the coating on fibrous materials is warranted.  
 
Keywords: Adsorption, Coating, Fibers, Iron oxide-based adsorbent 
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2.1 INTRODUCTION 
Adsorption on iron oxide surfaces has received significant attention and much 
research is underway because of its effective removal of oxyanions, such as arsenate 
(Dzombak and Morel 1990; Vaishya and Gupta 2003; Guo and Chen 2005), cations, such 
as copper and lead (Dzombak and Morel 1990; Lai and Chen 2001), and natural organic 
matter (Lai and Chen 2001) from both drinking water and industrial wastewater and its 
ease of operation and handling (Thirunavukkarasu et al. 2003a). 
Proper selection of material properties, coating method, and coating conditions for 
developing iron oxide-based adsorbents has the potential of providing durable and high 
iron oxide loading. Higher iron loadings can be achieved with materials that have a high 
specific surface area and surface functional groups, such as silanol, hydroxyl, carboxyl, 
ammonium, etc. capable of binding iron. Many fibrous materials, such as activated 
carbon fibers (Suzuki 1991), polypropylene (Mitchell-Blackwood et al. 2007; Konrath 
and Hsuan 2002), polyester (Koerner 1998), fiberglass (Bismarck et al. 2004), cellulose-
based natural materials (Ghimire et al. 2003; Guo and Chen 2005) etc. possess high 
surface area due to their small diameter (Ghimire et al. 2003). Activated carbon fibers 
have been shown to offer faster kinetics and greater removal of metals and organic matter 
compared to their granular counterparts (Dominguez et al. 2002; Suzuki 1991). Anion 
exchange fibers with interspersed iron oxide particles have been successfully used to 
adsorb arsenic (Vatutsina et al. 2007; Greenleaf et al. 2006) (Table 1-2). Fibrous porous 
materials, synthesized using glass fiber substrate, have been reported to remove chemical 
contaminants, such as benzene, toluene, ethylbenzene, and xylene (BTEX) and chemical 
warfare agent simulants (Yue et al. 2001; 2002; 2003) and arsenite (Dominguez et al. 
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2002) from water. Despite their small diameter, the high porosity of many fibrous 
materials allows for permeability values that are comparable to or greater than 
permeability values for conventional granular materials (Blackwood 2007).  
The objective of this study was to investigate the potential of several widely 
commercially available fibrous materials: fiberglass, cellulose, polypropylene, and 
polyester, as substrates for the development of iron oxide-coated adsorbents (Table 2-1). 
All of these fibrous materials are widely and readily available (fiberglass is a common 
insulation, polypropylene and polyester fibers are used in geosynthetic mats, and 
cellulose fibers are found in many agricultural waste products, such as straw). Fiberglass 
is similar in composition to sand (Scheidegger et al. 1993; Bismarck et al. 2004), which 
has been demonstrated to retain iron hydroxide (Scheidegger et al. 1993; Zeng 2004).  
The mechanisms of adhesion of the iron hydroxides on fiberglass fibers are not well 
characterized, although it seems likely to be a combination of physical straining of the 
hydroxide solids and loose electrostatic interaction between polar groups in the matrix 
and the hydroxide solids. Cellulose-based materials have been recently used to develop 
iron (III)-loaded open-celled cellulose sponge (Munoz et al. 2002) and iron (III)-loaded 
cellulose-based gel (Ghimire et al. 2003) for arsenic removal. In addition, these fibers 
have been used to develop niobium oxide-coated cellulose fibers for adsorption of 
phosphoric acid (Pavan et al. 2005). Recently, polypropylene fibers have been explored 
for their potential of retaining iron oxide coating at high flow rates (Mitchell-Blackwood 
et al. 2007). Polyester, another fibrous material, is known to retain titanium dioxide 
(Garai and Pompoli 2005) and may show greater uptake of iron hydroxide than 
polypropylene as the ester bond is polar. In summary, fibers appear to offer a high-
  
26 
surface area and low-cost substrate for developing iron oxide-based adsorbents. Despite 
the promising characteristics of fibers, there has been very little research done studying 
the effects of material properties, coating methods and coating conditions on iron 
retention ability of fibrous materials. In addition to coating fibrous materials, sand was 
considered here to provide a basis of comparison between these novel fibrous materials 
and a granular material, which has been widely studied by previous researchers (Vaishya 
and Gupta 2003; Thirunavukkarasu et al. 2003a; Joshi and Chaudhuri 1996; Benjamin et 
al. 1996). 
 
 
 
Table 2-1: Characteristics of Different Fibrous Materials 
 Material 
 Sand Fiberglass 
Insulation 
Cellulose 
Sponge 
Polyester 
Fiber 
Polypropylene 
Mat 
Functional groups Silanol Silanol Carboxyl Ester None 
Diameter-μm 500 10 NA 48* 40 
BET surface area- 
raw-m2/g 
0.04† 0.17 1.5 0.09 0.14§ 
 
Preferred coating 
conditions 
0.25M Fe, 
pH 7, 
110°C 
0.25M Fe, 
pH 1.3, 
110°C 
0.25M Fe, 
pH 1.3, 
25°C 
2.5M Fe, 
pH 8.5, 
25°C 
0.25M Fe, 
pH 7,  
25°C 
BET surface area-
coated-m2/g 
5.6‡ 9.3 1.3 2.4 8.4§ 
 
Iron loading-mg 
Fe/g** 
51 210 19 16 4 
 
Iron loading/raw BET 
surface area-mg Fe 
/m2 
1.3×103 1.2×103 0.01×103 0.18×103 0.03×103 
 
BET- Brunauer, Emmett, and Teller, NA-Not available,  
*Garai and Pompoli (2005) 
†Benjamin et al. (1996) 
§Blackwood (2007) 
‡Average of BET surface area values from Benjamin et al. (1996) and Vaishya and Gupta (2003) 
** Under preferred coating conditions 
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(a) (b) 
  
(c) (d) 
Figure 2-1: Qualitative Comparison of Appearances of Uncoated and Coated 
Fibrous Sorbents: (a) Fiberglass Insulation Fibers: (1) Uncoated, (2) Coated at 1.3 
pHcoating, 0.25M Fecoating, and 110°C, (3) Coated at 1.3 pHcoating, 2.5M Fecoating, and 
110°C; (b) Polypropylene Mat: (1) Uncoated, (2) Coated at 7 pHcoating, 0.25M 
Fecoating, and 25°C, (c) Cellulose Fibers: (1) Uncoated, (2) Coated at 1.3 pHcoating, 
0.25M Fecoating, and 25°C; (d) Polyester Fibers: (1) Uncoated, (2) Coated at 8.5 
pHcoating, 2.5 M Fecoating, and 25°C 
 
 
 
2.2 EXPERIMENTAL  
2.2.1 Materials 
All chemicals used were of reagent grade, and de-ionized water (milliQ water1, 
18.2 µmho) was used to prepare solutions. Prior to use, all glassware and polyethylene 
bottles were washed in 10% nitric acid2
                                                 
1 Millipore Corp., Billerica, MA., U.S.A. 
2Fisher-Scientific, Pittusburgh, Pa.,U.S.A. 
 for 12 hours and rinsed with de-ionized water.  
Iron chloride solution was prepared using FeCl3 (>98% purity2). HCl and NaOH2 (>98% 
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purity) were used for pH adjustment. To explore the feasibility of using fibrous materials 
for developing iron oxide-coated fibrous materials for arsenic removal, four fibrous 
materials: polypropylene (mat3 and fiber4 forms), polyester5, cellulose (wood fibers6, 
cellulose sponge7, and cotton cloth8 forms) and fiberglass (cloth9, insulation10, and mat11
The coating procedure consists of first adding the material to be coated to a 
concentrated ferric chloride solution and then precipitating the iron by neutralization with 
NaOH (Xu and Axe 2005).  Alternatively, the neutralization can be accomplished by 
evaporating HCl during heating at higher temperature (Benjamin et al. 1996). During this 
procedure, water and hydrochloric acid evaporate, and iron oxide precipitates as the 
 
forms), and sand were used. Characteristics, such as diameter, functional group type, and 
Brunauer, Emmett, and Teller (BET) surface area of sand, fiberglass insulation, cellulose 
sponge, polyester fibers, and polypropylene mat are summarized in Table 2-1. 
Photographs of these raw fibrous materials are shown in Fig. 2-1. To remove surface 
impurities and oxide coatings, sand was soaked in an acid solution (1.0 M HCl) for 24 
hours, rinsed with de-ionized water three times and dried at 110°C for 20 hours before use 
(Xu and Axe 2005; Benjamin et al. 1996). The fibrous materials were submerged in de-
ionized water overnight at room temperature, rinsed with de-ionized water, and dried 
again at room temperature for 20 hours.  
2.2.2 Coating Procedure 
                                                 
3US Fabrics, Cincinnati, Oh.,U.S.A. 
4Propex Inc., Chattanooga, TN.,U.S.A. 
5Jamestown Distributors, Bristol, R.I.,U.S.A. 
6Paper Mart, Philadelphia, Pa.,U.S.A. 
7HWI, Fort Wayne, In.,U.S.A. 
8 Ace Hardware, Philadelphia, Pa.,U.S.A. 
9Alco Industries Company, Massillon, Oh. ,U.S.A. 
10Ace Hardware, Philadelphia, Pa.,U.S.A. 
11Jamestown Distributors, Bristol, R.I.,U.S.A. 
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solution becomes neutralized and more concentrated (Schwertmann and Cornell 2000; 
Benjamin et al. 1996). Coating experiments were performed using different combinations 
of coating temperature (tempcoating), coating pH (pHcoating), and initial iron concentration 
(Fecoating). The fibrous materials were cut into 1 cm by 1 cm pieces before coating.  In a 
typical coating experiment, two grams of material was completely submerged in an iron 
solution. After 24 hours, the iron oxide-coated material was washed with de-ionized 
water to remove loose iron oxide particles until the water was clear (Chen et al. 2007; 
Zouboulis and Katsoyiannis 2002; Joshi and Chaudhuri 1996) and again dried for a 
specified time period (24 hours) to obtain the final iron oxide-coated fibrous material 
(media, hereafter). Iron loading (expressed as mg Fe/g media) was used as a metric to 
compare different materials and coating conditions. After every coating experiment, the 
media was weighed and stored in capped polyethylene bottles for subsequent iron 
analysis. 
2.2.3 Analytical Methods 
2.2.3.1 pH Measurements 
pH values of different aqueous solutions were measured using the pH/ion meter12 
and pH electrode13. pH standardization was conducted every alternate day using pH 4, 7, 
and 10 buffer solutions14
                                                 
12 Fisher-Scientific, Pittusburgh, Pa.,U.S.A. 
13 Fisher-Scientific, Pittusburgh, Pa.,U.S.A. 
14 Fisher-Scientific, Pittusburgh, Pa.,U.S.A. 
. De-ionized water was used for rinsing the electrode. For every 
pH measurement, the pH electrode was dipped into the solution, stirred, and the pH 
reading on the pH meter was recorded. After every pH measurement, the pH electrode 
was rinsed with de-ionized water and wiped with tissue paper. 
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2.2.3.2 Iron Analysis 
To determine iron in iron oxide-coated fibrous adsorbents, samples were acid 
digested according to the US EPA Method 3050 B (USEPA 1996). For acid-digestion, 
one gram of media was added to 20 mL of 2 M HNO3, and the solution was heated for 10 
minutes without boiling. The sample was allowed to cool for 5 minutes, and another 10 
mL of HNO3 was added and heated for 10 minutes. This step was repeated again until no 
brown fumes were observed from the samples. Subsequently, 10 mL of de-ionized water 
and 6 mL of 30 % H2O215 was added and heated for 5 minutes. Further, 2 mL of H2O2 
was added to the solution and heated for an additional 5 minutes. The last stage involved 
the addition of 10 mL of 1 M HCl and heating for 15 minutes. At the end of the final 
digestion step, the iron attached to the media was completely dissolved (solution turned 
yellow in color). The acid-digested solution was filtered using Whatman filter paper No. 
4216
                                                 
15 Fisher-Scientific, Pittusburgh, Pa.,U.S.A. 
16 Fisher-Scientific, Pittusburgh, Pa.,U.S.A. 
 and diluted to 200 mL total volume using de-ionized water. The filtrate was 
preserved in a polypropylene bottle at 4°C until iron analysis. To determine suspended 
iron concentration in water samples, water samples were also filtered using Whatman 
filter paper No. 42. The filter paper was digested to determine suspended iron 
concentration following the method described above. 
Acid-digested samples for determining iron loading on fibrous sorbents were 
analyzed for iron according to the US EPA Method 200.7 (inductively coupled plasma-
atomic emission spectroscopy) (USEPA 1994a) at an EPA-certified laboratory (QC 
Laboratories, Southampton, Pa.) (Minimum detection limit: 0.25 mg/L, Laboratory 
reported analytical errors: 5-10%).   
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2.2.4 Materials Characterization 
During the study of feasibility of retaining iron oxide coating on fibrous materials, 
all fibers were characterized using the Brunauer-Emmett-Teller (BET) surface area 
method. The most promising fibrous material was selected for additional characterization 
of maximum exchangeable cation capacity, surface morphology, and iron oxide 
mineralogy. Descriptions of these characterization methods are given below. 
 
 
 
Table 2-2: Operational Conditions for BET Surface Area Analyses of Fibrous 
Materials (Conditions: Outgas Temperature (100°C), Outgas Time (24h), Bath 
Temperature (77.3°K), Equilibrium Time (3), P/P0 Range (0.1 to 0.3), Number of 
Points (4), Cross-sectional area (20.5 Å²/molecule for Krypton Gas and 16.2 
Å²/molecule for Nitrogen Gas), Non-ideality (3.00×10-5 for Krypton Gas and 
6.58×10-5 for Nitrogen Gas) 
Material Gas 
Type 
Sample 
Mass (g) 
BET  
Constant  (X) 
Area 
(m2/g) 
Cell raw Krypton 0.2851 15.44 1.533 
 
Cell25 Krypton 0.3553 15.41 1.253 
 
PETfraw Krypton 0.8562 10.33 0.090 
 
PETf25 Nitrogen 0.9707 45.25 2.364 
 
FGIraw Krypton 0.4417 12.08 0.173 
 
FGI110 Nitrogen 0.5694 19.12 9.272 
 
FGI110_2.5M Nitrogen 0.9054 82.78 5.347 
 
FGI110_7d Nitrogen 0.2881 3836 2.012 
 
Cell raw-raw cellulose sponge, Cell25-cellulose coated at 25°C using 0.25M initial iron concentration, 
FGIraw-raw fiberglass insulation, FGI110-fiberglass insulation fibers coated at 110°C using 0.25M initial 
iron concentration, FGI110_2.5M-fiberglass insulation fibers coated at 110°C using 2.5M initial iron 
concentration, FGI110_7d-fiberglass insulation fibers coated at 110°C using 2.5M initial iron concentration 
for extended period (7 days), PETfraw-raw polyester fiber, PETf25-polyester fiber coated at 25°C using 
2.5M initial iron concentration, R2-coefficient of determination 
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2.2.4.1 Surface Area  
The Brunauer-Emmett-Teller (BET) gas adsorption method was used to 
determine surface area of different fibrous samples. In this method, gas is adsorbed on the 
material and the material’s surface area is calculated using the following BET Equation 
2-1:  
( )( ) 





−
+=
− 00
)1(1
1/
1
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P
XW
X
XWPPW mm
                                                    (2-1) 
where, W is the weight of gas adsorbed at a relative pressure 0/ PP , mW is the weight 
of adsorbate constituting a monolayer of surface coverage, and X  is the BET constant, 
related to the energy of adsorption in the first adsorbed layer and indicates the magnitude 
of the adsorbate/adsorbent interaction. BET surface area analyses of fibrous samples were 
conducted using the Quantachrome Autosorb Automatic Gas Sorption System17
( )( )1/
1
0 −PPW
. All 
surface area analyses were conducted using the nitrogen adsorption method, unless 
otherwise mentioned. In some cases where surface area values were small (< 1m2/g), 
krypton gas was used instead of nitrogen gas. Operating conditions for BET surface area 
analyses of different fibrous materials are summarized in Table 2-2. Weights of gas 
adsorbed at different relative pressures are recorded and data is plotted as a linear plot of  
 versus 





0P
P
. The slope ( S ) and intercept ( i ) of the linear model are 
used to calculate mW and X  using the following Equations (2-2 through 2-4): 
( )iSWm +=
1
                                                                                                          (2-2) 
 
                                                 
17 Quantachrome Instruments, Boynton Beach, Fl.,U.S.A. 
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i
SX += 1                                                                                                               (2-3) 
To determine specific surface area of material, sA , following expression was used:  
Mw
NAWA csmS =                                                                                                             (2-4) 
where, mW is the weight of adsorbate constituting a monolayer of surface coverage as 
defined earlier, N is Avogadro’s  number (6.023×1023 molecules/mole), csA is molecular 
cross-sectional area of the adsorbate molecule (Ǻ2), wM is molecular weight of the 
adsorbate molecule, and w  is sample weight.  
2.2.4.2 Maximum Exchangeable Cation Capacity 
The exchangeable cation capacity of the uncoated fibrous material was assessed 
to determine the maximum possible iron loading on substrate. Ghimire et al. (2003) used 
this method to determine the maximum possible iron loading on phosphorylated orange 
waste.  This metric was determined following the method used by Ghimire et al. (2003). 
In this method, 0.1 g of material was shaken in 0.1 M NaOH solution at 25°C for 24 
hours. Filtrate was titrated with 0.1 M HCl using phenolphthalein18
                                                 
18 Fisher-Scientific, Pittusburgh, Pa.,U.S.A. 
 to determine the 
residual NaOH concentration. Decrease in basicity (or NaOH consumed) during the 
contact period was calculated as an estimate of the maximum amount of exchangeable 
cations and compared to the molar iron loading on the substrate.  
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2.2.4.3 Surface Morphology 
 
In order to understand the changes in surface morphologies of iron oxide-coated 
fibers due to iron oxide coating, scanning electron micrographs (SEMs) of uncoated and 
iron oxide-coated fibrous materials were compared. In scanning electron microscopy, an 
electron beam passes through the sample, interacts with the surface of sample and 
supplies information about the surface morphologies of a sample. All SEMs were 
captured using the Field Emission Scanning Electron Microscopy19
To study the mineralogy of iron oxide deposited on fibers, the XRD analyses of 
coated fibrous materials were carried using the Siemens D500 X-ray Powder 
Diffractometer
 (FESEM, FEI/ 
Phillips XL30).   
2.2.4.4 Mineralogy 
 
20
d
. XRD method is used to characterize crystalline materials. Every 
crystalline material scatters X-rays in a unique diffraction pattern, giving an indication of 
its structural information. In this method, X-rays, generated from an energy source at 
cathode, are focused into a fine beam on solid samples kept at the anode. The beam 
scatters at different angles, i.e., diffraction angles, and has phase and energy similar to 
that of the incident X-ray beam. Diffraction angle and scattering intensity, interrelated 
with the Bragg’s Equation, provides structural information of the sample. For example, 
spacing between two planes of atoms in the crystal ( ) can be calculated using the 
following expression:  
θλ Sindn 2=                                                                                                            (2-5)                                 
                                                 
19Centralized Research Facilities, Drexel University, Philadelphia, Pa.,U.S.A.  
20 Centralized Research Facilities, Drexel University, Philadelphia, Pa.,U.S.A. 
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where n  is the number of planes, λ is the wavelength of the incident beam, d  is the 
spacing between two structural planes, and θ  is the diffraction angle. 
For XRD analysis of iron oxide-coated fibrous materials, coated fibrous material 
was ground into fine particles using a mortar and pestle, and put on a microscope slide 
using double-sided tape.  Diffraction data of iron oxide-coated fibrous materials were 
obtained for 2θ  angles between 15° to 75° (conditions: radiation source (CuKα1 at 
1.54056 Ǻ wavelength), voltage (40 kV), current (30 mA), method (step-scan), step size 
(0.04o 2θ), dwell time (1 seconds)). After obtaining the diffraction data, X-ray 
diffractograms were analyzed using the Jade + analysis software (version 7.1)21
An analysis of variance (ANOVA) was conducted to determine significant factors 
influencing the iron oxide coating on fibrous materials. ANOVA was performed using 
the Statistical Package for Social Sciences (SPSS) (version 15.0 for Windows)
. 
Background noise from the XRD spectra was removed by subtracting background peaks 
using the Jade + software. Full-width at half-maximum (FWHM) values were determined 
and used to compare samples. Mineralogical phases were determined using the computer-
based library of the Joint Committee on Powder Diffraction Standards (JCPDS) and 
published literature. 
2.2.5 Mathematical Methods 
22
α
, and the 
significance of different factors on iron oxide coating of fibrous materials was tested at 
0.05 level test (  = 0.05). Detailed descriptions of the ANOVA analysis are summarized 
in the Appendix C. 
 
                                                 
21 Materials Data, Inc., Livermore, Ca.,U.S.A. 
22 SPSS Inc., Chicago, Ill.,U.S.A. 
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2.3 RESULTS AND DISCUSSION 
2.3.1 Iron Oxide Coating 
The first phase of the experimental work involved screening a range of fibrous 
materials for their ability to retain an iron oxide coating. An initial iron concentration of 
2.5 M Fecoating and pHcoating of 8.53 was used, following the work of Joshi and Chaudhuri 
(1996).  The sand was dried at 110°C tempcoating, also in accordance with the method of 
Joshi and Chaudhuri (1996) while cellulose, polyester, and polypropylene were dried at 
25°C because these materials were observed to be unstable at higher temperatures in 
preliminary experiments. Figure 2-2 compares iron loadings of sand with 8 fibrous 
materials during screening experiments (coating conditions: 8.53 pHcoating, 2.5 M 
Fecoating). With the exception of the fiberglass mat, the loadings on the fibrous materials 
exceeded the value for sand. Iron loadings were comparable for a number of different 
fibrous materials, including loose polypropylene fiber (41 mg Fe/g media), polypropylene 
mat (35 mg Fe/g media), wood (39 mg Fe/g media), fiberglass cloth (34 mg Fe/g media), 
and fiberglass insulation (33 mg Fe/g media) (Fig. 2-2). A higher iron loading was 
achieved on cellulose sponge (51 mg Fe/g media) compared to wood shavings (20 mg 
Fe/g media), and thus, cellulose sponge was selected as a representative of cellulose for 
further coating experiments. These results reflect retention under fairly mild conditions 
(washing). Retention of iron under more vigorous conditions (physical abrasion) is 
substantially lower (Mitchell-Blackwood et al. 2007).  
Because fiberglass is available in a number of different physical forms and is 
tolerant of high temperature coating conditions, a wider variety of screening experiments 
were conducted for fiberglass. Fiberglass cloth and fiberglass insulation had similar iron 
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retentions when coated at 25°C (Fig. 2-2). In follow up experiments, where the materials 
were heated during drying (110°C tempcoating, 8.5 pHcoating and 2.5M Fecoating), a higher 
iron loading was obtained for the insulation than for the cloth (76 mg Fe/g media versus 
32 mg Fe/g media, respectively). Using a combination of elevated drying temperature 
(110°C) and acidic pHcoating dramatically improved the iron loading of the insulation (206 
mg/g media) but did not improve the performance of the cloth (22 mg Fe/g media).  
 
 
 
0
10
20
30
40
50
Fib
erg
las
s m
at2
5
Sa
nd
11
0
Po
lye
ste
r f
ibe
r 2
5
Po
lye
ste
r m
at 
25
Fib
erg
las
s i
ns
ula
tio
n 2
5
Fib
erg
las
s c
lot
h 2
5
Po
lyp
ro
py
len
e m
at 
25
Wo
od
25
Po
lyp
ro
py
len
e f
ibe
r2
5
Media
Iro
n 
Lo
ad
in
g-
m
g 
Fe
/g
 m
ed
ia
 
Figure 2-2: Iron Loading on Different Media during Screening Experiments 
(Coating Conditions: 8.53 pHcoating, 2.5 M Fecoating) 
Fiberglass cloth 25- fiberglass cloth coated at 25°C, Fiberglass insulation 25-fiberglass insulation coated at 
25°C, Fiberglas mat 25- fiberglass mat coated at 25°C, Polyester fibers 25- polyester fibers coated at 25°C, 
Polypropylene fibers 25- polypropylene fibers coated at 25°C, Polypropylene mat25- polypropylene mat 
coated at 25°C, Sand110- sand coated at 110°C, Wood25- wood coated at 25°C,  
Error bars show 10% analytical error. 
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These results indicated that temperature, pH, and material form all influence iron 
retention and that these factors may interact in complex ways. To understand the effects 
of these factors individually and in combination, a full-factorial experiment design was 
used.  Two factors, pH and temperature, were varied between two levels for a total of 
four experimental conditions for each of two materials (sand and fiberglass) (Table 2-3). 
Four replicates were performed for each combination of experimental conditions. 
Fiberglass was selected as the most promising of the fibrous materials, and sand was 
selected to provide a basis of comparison with previous research (Benjamin et al. 1996; 
Schiedegger et al. 1993). As both sand and fiberglass are composed primarily of silica, 
the comparison provides insight into the effect of the form of silica on iron retention. 
 
 
 
Table 2-3: Effects of Material Form, Coating pH, and Coating Temperature on Iron 
Oxide Loading (Coating Conditions: 0.25M Fecoating, 24 h Drying Time) 
Material pHcoating Tempcoating 
°C 
Iron Loading* 
mg/g 
Sand 1.3 25 16 ± 11 
Fiberglass 1.3 25 26 ± 12 
Sand 7.0 25 26 ± 17 
Fiberglass 7.0 25 21 ± 16 
Sand 1.3 110 21 ± 9 
Fiberglass 1.3 110 206 ± 32 
Sand 7.0 110 30 ± 14 
Fiberglass 7.0 110 66 ± 50 
*Average ± 1 standard deviation (Four replicates) 
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Table 2-3 compares iron loadings on sand and fiberglass insulation fibers, 
obtained during these two-level full factorial coating experiments. Average iron loadings 
of 16-21 mg Fe/g media (coating pH 1.3) and 26-30 mg Fe/g media (coating pH 7) were 
obtained on iron oxide-coated sand, with the low end of these ranges obtained at the 
lower coating temperature. These iron loadings on sand are comparable with previous 
reports in the literature, such as the 21 mg Fe/g sand obtained by Xu and Axe (2005). 
Thirunavukkarasu et al. (2003a) obtained 45 mg Fe/g sand using a sequence of two 
coating steps one at 110°C and one at 550°C. Coating of fiberglass insulation fibers at 
110°C resulted in ~8 times higher iron loading (206 mg Fe/g media) as compared to the 
iron loading of 26 mg Fe/g media at 25°C for acidic pH 1.3. The higher temperature 
coating conditions also produced much higher iron loadings for the experiments 
conducted at neutral pH. An iron loading of 66 mg Fe/g for fiberglass was obtained at 
110°C as compared to 21 mg Fe/g for sand at 25°C.  
An ANOVA analysis of iron oxide coating on fiberglass and sand identified four 
significant factors affecting iron retention (α = 0.05): (1) material form (i.e., fiberglass > 
sand), (2) temperature (110°C > 25°C), (3) interaction between material and coating pH 
(fiberglass shows added iron retention under low pH conditions), and (4) interaction 
between material and temperature (fiberglass shows added iron retention under high 
temperature conditions) (Table 2-4). The interactions are particularly notable. The 
combination of low pH and high temperature consistently leads to markedly higher iron 
loadings on fiberglass than on sand. Fiberglass is initially smoother than sand and the 
development of small-scale pitting under acidic conditions could aid the fiberglass more 
in retaining a coating, compared to the already fairly irregular sand particles. The average 
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of 206 mg Fe/g for fiberglass which was obtained under these conditions exceeds the 
values for sand obtained both in this study (Table 2-3) and in other studies (Xu and Axe 
2005; Thirunavukkarasu et al. 2003a). Based on the higher iron loadings obtained on 
fiberglass as compared to sand, fiberglass appears to be a promising substrate for 
developing iron oxide-coated adsorbents. Fiberglass responds more to low pH and high 
temperature (i.e., these more stringent conditions produce a greater increase in iron 
retention on fiberglass than on sand). These results suggest that exploring more stringent 
conditions may lead to better iron oxide retention by fiberglass.  
To study the effect of initial iron concentration, fiberglass was coated using 
different initial iron concentrations ranging from 0.05 M to 2.5 M Fecoating (pHcoating 1.3, 
tempcoating 110°C) (Fig. 2-3). Saturation of the iron loading was approached after 0.25M 
Fecoating (Fig. 2-3). Even ten times higher Fecoating (2.5M) resulted in only two times 
higher iron loading (438 mg Fe/g media versus 206 mg Fe/g media). The attainment of a 
plateau in iron loading with increasing Fecoating is also reported in previous studies 
(Banerjee et al. 2007; Zouboulis and Katsoyiannis 2002). 
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Table 2-4: An ANOVA Analysis to Study the Effects of Material Form, Coating 
pH, and Coating Temperature on Iron Oxide Loading 
Source Estimated 
Effect 
Sum of 
squares 
of error 
Df Mean 
Square 
F p-value 
Corrected Model* NA 21.720† 7 3.103 6.852 0.000 
Intercept 3.353 359.790 1 359.790 794.513 0.000 
Material (1=Fiberglass, -
1=Sand) 
0.798 5.089 1 5.089 11.238 0.003‡ 
pH (1= pH 7, -1 = pH 1.3) -0.236 0.445 1 0.445 0.982 0.332 
Temp (1=110°C, -1=25°C) 0.951 7.242 1 7.242 15.992 0.001‡ 
Material x pH -1.96 4.566 1 4.566 10.083 0.004‡ 
Material x Temp 0.565 2.556 1 2.556 5.644 0.026‡ 
pH x Temp -0.423 1.432 1 1.432 3.162 0.088 
Material x pH x Temp -0.221 0.391 1 0.391 0.862 0.362 
Error NA 10.868 24 0.453   
Total NA 392.378 32    
ANOVA- Analysis of Variance, df-degrees of freedom, F-F statistic, NA-Not applicable 
*Model for log (iron loading) 
†R2 = 0.67 (Adjusted R2= 0.57) 
‡Significant at the 0.05 level 
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Figure 2-3: Effect of Initial Iron Concentration on Iron Loading of Coated 
Fiberglass Insulation Fibers (Coating Conditions: 110°C tempcoating, 1.3 pHcoating). 
Error bars show the range of values. 
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The highest iron loading of 438 mg Fe/g fiberglass (or 7.8 mole Fe/kg) obtained 
here exceeds the iron loading of 154 mg Fe/g media obtained by previous researchers on 
modified activated carbon (Chen et al. 2007) and 93 mg/g on PolyHIPE, an organic 
polymer (Katsoyiannis and Zouboulis 2002). The iron retention of fiberglass is close to 
the value of 468 mg Fe/g on cellulose beads reported by Guo and Chen (2005). Iron 
loadings obtained in a number of other studies are summarized in Table 1-2. Iron oxide 
coating of 438 mg Fe/g media (or 7.8 mole Fe/kg) on fiberglass, obtained at coating 
conditions (2.5M Fecoating, 110°C tempcoating, 1.3 pHcoating), was observed to be higher than 
the observed maximum exchange cation capacity of 3.7 moles/kg, indicating that iron 
loadings higher than the fiber’s maximum exchangeable capacity can be achieved by 
optimizing coating conditions.  
2.3.2 Characterization 
2.3.2.1 Surface Morphology 
 
Fiberglass insulation was selected as the most promising of the materials due to 
its high iron retention and was further characterized by studying its surface morphology 
and iron oxide mineralogy. Scanning electron microscopy (SEM) indicated that the 
uncoated fiber diameter was roughly 10 μm (Fig. 2-4a). When an initial iron 
concentration of 0.25M was used, the iron oxide deposits were observed to have an 
irregular, patchy distribution (Fig. 2-4b), similar to that reported by studies of other iron 
oxide-coated materials (Blackwood, 2007; Konrath and Hsuan, 2002; Benjamin et al. 
1996). The patchy distributions of iron oxide on the fibers suggested the under-utilization 
of available fiber surface area (Fig. 2-4b).  The use of a more concentrated iron solution 
(2.5M) increased the coating thickness but did not produce a uniform coating (Fig. 2-4c). 
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These results suggest that the coating process is far from optimized. If pre-treatment 
methods can improve the ability of the fiber surface to retain iron oxide, then the 
performance of these adsorbents could be improved, perhaps dramatically.  
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(a) 
 
(b) 
 
(c) 
 
Figure 2-4:  Surface Morphology (magnification: 1000x) of Fiberglass Insulation 
Fibers: (a) Uncoated Fibers, (b) Fibers Coated at 1.3 pHcoating, 0.25M Fecoating, and 
110°C tempcoating, (c) Fibers Coated at 1.3 pHcoating, 2.5M Fecoating, and 110°C 
tempcoating 
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2.3.2.2 BET Surface Area 
BET surface area analysis of raw and iron oxide-coated fibrous materials were 
conducted to relate iron retention capability of fibers with their surface area values, and 
these values are presented in Table 2-1. BET surface area plots of cellulose, fiberglass, 
and polyester fibers are shown in Figs. 2-5, 2-6, and 2-7, respectively. An increase in 
BET surface area values after coating was observed for most materials due to the 
irregular, rough surface formed by the iron oxide precipitate (Fig. 2-4). The only 
exception was the cellulose. The sponge form of the cellulose may have contained 
smaller pores which could be clogged by the iron oxide deposits. The iron retention of the 
fiberglass and sand are similar when normalized by BET surface area, possibly due to the 
chemically similar nature of these substrates (both are made of silica). The iron loadings 
of these two silica-based materials were substantially higher than the values for the other 
materials. This indicates that specific surface area is not the only characteristic of 
importance in selecting a substrate for iron oxide coating; the chemistry of the surface 
bonding with the substrate is important as well (Banerjee et al. 2007; Payne and Abdel-
Fattah 2005; Cumbal and Sengupta 2005; Ghimire et al. 2003; Zouboulis and 
Katsoyiannis 2002; Min and Hering 1998; Matsunaga et al. 1996). Clearly silica appears 
to be a favorable material. Previous research on sand has suggested that covalent bonding 
is possible between a silicate surface and iron oxide coating (Xu and Axe 2005). 
Polyester performed the best of the remaining materials, possibly due to the electrical 
dipole associated with the ester bond which could interact with the electrical dipole of the 
iron-oxygen-hydrogen bonds in the coating (Garai and Pompoli 2005).  
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Figure 2-5: BET Surface Area Plots: (a) Raw Cellulose and (b) Iron Oxide-coated 
Cellulose Prepared at 0.25M Fecoating, 1.3 pHcoating, and 25°C tempcoating. 
  
47 
 
(a) 
R2 = 0.9995
0
500
1000
1500
2000
2500
3000
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Relative Pressure, P/P0
1/
(W
((P
0/P
)-1
))
 
(b) 
R2 = 0.9982
0
20
40
60
80
100
120
140
0.00 0.10 0.20 0.30 0.40
Relative Pressure, P/P0
1/
(W
((P
0/P
)-1
))
 
(c) 
R2 = 0.9999
0
50
100
150
200
250
0.00 0.10 0.20 0.30 0.40
Relative Pressure, P/P0
1/
(W
((P
0/P
)-1
))
 
Figure 2-6: BET Surface Area Plots: (a) Raw Fiberglass Fibers (b) Iron Oxide-
coated Fiberglass Prepared at 0.25M Fecoating, 1.3 pHcoating, and 110°C tempcoating, 
and (c) Iron Oxide-coated Fiberglass Prepared at 2.5M Fecoating, 1.3 pHcoating, and 
110°C tempcoating. 
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Figure 2-7: BET Surface Area Plots: (a) Raw Polyester Fibers, (b) Iron Oxide-
coated Polyester Fibers prepared at 2.5 M Fecoating, 8.53 pHcoating, and 25°C 
tempcoating 
 
 
 
2.3.2.3 Mineralogy 
The mineralogy of the iron oxide coating on fiberglass fibers was determined by 
analyzing the XRD spectra. Fig. 2-8 shows the XRD spectra of fiberglass fibers (coating 
conditions: pHcoating = 1.3, Fecoating = 2.5M, tempcoating = 110°C; FGI110_2.5M, hereafter). 
The XRD peaks at diffraction angles (2θ) = 27°, 35.32°, 39.64°, 46.5° and 55.96° of 
fiberglass fibers, coated at 2.5M Fecoating, matched with the XRD peaks of akaganeite 
(Schwertmann and Cornell 2000). In addition, some of the XRD peaks at diffraction 
angles (2θ) = 39.64°, 46.5° and 55.96° also matched with the XRD peaks of goethite 
(Schwertmann and Cornell 2000). Peaks for 2-line and 6-line ferrihydrite were not 
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observed. Analysis of the XRD spectra of fiberglass fibers coated using a lower initial 
iron concentration, 0.25M (pHcoating: 1.3, tempcoating: 110°C; FGI110 fibers, hereafter), 
indicated peaks similar to those of coated fiberglass fibers using 2.5M Fecoating for similar 
coating conditions. No significant change in full-width at half-maximum values were 
observed between these coated fibers at incident angles (2θ) = 27°, 35.32°, 39.64°, and 
55.96° indicating no significant change in degree of crystallinity (Table 2-5). 
Schwertmann and Cornell (2000) reported that akaganeite can be formed by the 
hydrolysis of ferric chloride solution at 40°C for 8 days, and can subsequently transform 
to hematite or goethite at higher temperatures. Similarly, Lo et al. (1997) observed that 
the mineralogy of iron oxide coatings on sand varied from an amorphous iron oxide 
phase (tempcoating: 60°C) to more crystalline phases, such as goethite (tempcoating: 150°C) 
and hematite (tempcoating: 300°C) with increasing temperature. Thus the coating conditions 
used here (i.e., 110°C) appear to allow the formation of some crystalline phases. 
Crystalline iron oxide phases have lesser affinity for arsenate than amorphous iron oxide 
(Schwertmann and Cornell 2000; Fuller et al. 1993). The use of higher temperature 
coating processes can increase the amount of iron retained by the fiberglass but at the 
expense of producing a coating which is less reactive towards arsenic.  
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Figure 2-8: X-ray Diffraction Patterns of Coated Fiberglass Insulation Fibers (1.3 
pHcoating, 2.5M Fecoating, and 110°C tempcoating) 
Peak intensities shown in arbitrary units are normalized with respect to maximum peak.  
Ak- Akaganeite, Goth- Goethite 
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Table 2-5:  A Mineralogical Comparison of Coated Fiberglass Insulation Fibers 
(pHcoating: 1.3, tempcoating: 110°C) 
XRD Properties* 
 
Initial Iron Concentration 
Fecoating-mol/L 
0.25 2.5 
2-theta 22.08 22.16 
Peak Intensity 0.624 0.464 
FWHM 0.229 0.211 
 
2-theta 26.96 26.84 
Peak Intensity 0.984 0.786 
FWHM 0.302 0.306 
 
2-theta 34.12 34.20 
Peak Intensity 0.656 0.478 
FWHM 0.100 0.115 
 
2-theta 35.32 35.12 
Peak Intensity 1.000 1.000 
FWHM 0.100 0.077 
 
2-theta 37.24 37.20 
Peak Intensity 0.652 0.409 
FWHM 0.130 0.0713 
 
2-theta 39.64 39.20 
Peak Intensity 0.624 0.551 
FWHM 0.067 0.081 
 
2-theta 40.92 40.60 
Peak Intensity 0.564 0.233 
FWHM 0.094 0.086 
 
2-theta 44.76 44.84 
Peak Intensity 0.644 0.301 
FWHM 0.157 0.104 
 
2-theta 55.96 56.04 
Peak Intensity 0.620 0.548 
FWHM 0.139 0.177 
*Peak intensity are shown as a fraction of the maximum peak; Full-width at half-maximum value are 
calculated using the Jade + software  
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2.3.3 Material Properties and Iron Retention Abilities of Fibrous Materials 
Table 2-1 summarizes the properties and iron retention ability of various fibrous 
materials considered in this study. In order to gain insight into which materials are the 
most promising, Table 2-1 shows results for the coating conditions which resulted in the 
best performance for each material. The BET surface area of uncoated fiberglass is 
approximately four times higher than for sand. This is primarily due to the smaller 
diameter of the fiberglass. Given that specific surface area scales with diameter, the fact 
that the fiberglass is 1/50th the diameter of the sand yet has only four times higher BET 
surface area indicates that small-scale surface roughness on the sand contributes 
significantly to sand’s BET surface area and ability to retain iron. The iron loading per 
unit BET surface area for the two silica-based materials is virtually identical. The coated 
surface area for sand represents a nearly 100-fold increase over uncoated surface area, 
while the fiberglass has only a 50-fold increase. The patchy nature of the coating 
achieved here (Fig. 2-4b) may not provide as large an increase in surface area as would 
be achieved by a more uniform coating. The remaining three materials all show an 
advantage over sand in BET surface area, but iron retention per unit surface area is 
actually quite poor (all three materials have values well below those of sand and 
fiberglass). Cellulose did not show good iron retention, particularly given its high BET 
surface area.  
These comparisons suggest that the high specific surface area offered by small 
diameter fibers can lead to improved performance. This is best illustrated by the 
comparison between the two silica-based materials, sand and fiberglass. These 
comparisons also suggest some avenues for future research. Sand has only a four-fold 
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BET surface area advantage over sand, despite a 10-fold smaller diameter. The 
performance of fiberglass might be improved by pretreatment designed to roughen the 
fibers, as such small-scale roughness might increase the BET surface area of fiberglass. 
In addition, further efforts are needed to improve the retention of iron. While heat 
treatment can do this effectively, it also leads to the formation of a less reactive iron 
phase. Chemical modification of the fiber surfaces may allow for retention of iron 
without the use of a high-temperature coating process. 
 
2.4 SUMMARY AND CONCLUSIONS 
The objective of the present research was to evaluate the feasibility of developing 
iron oxide-coated fibrous materials. A variety of fibrous materials, such as fiberglass, 
polypropylene, polyester, and cellulose were coated under a variety of conditions. In 
addition, sand was included to provide a basis of comparison with previous studies. 
Fiberglass was deemed to be the promising material based on its high iron retention 
ability and was characterized using surface morphology and mineralogy of the iron oxide. 
The following items summarize the results obtained during this research, present 
conclusions drawn from this work, and describe additional research needs pertinent to 
this topic:   
1. Polypropylene, polyester, and cellulose appear to have iron retention capacity that is 
comparable to sand. Iron loadings of 33-41 mg Fe/g media were obtained on all the 
fibers for coating at room temperature (25°C). Coating at room temperature was 
preferred for all the materials except fiberglass insulation for which higher iron 
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loadings were obtained at higher temperature (110°C).  An iron concentration of 
0.25M Fecoating was adequate to saturate most of the materials with iron.  
2. The iron loading of 206 ± 32 mg Fe/g on fiberglass insulation fibers exceeded the 
reported iron loadings of 21-45 mg Fe/g on sand (coating conditions: 110°C 
tempcoating, 1.3 pHcoating, and 0.25M Fecoating). Fiberglass fibers retained the highest 
iron loading as compared to the other fibers. 
3. The iron oxide deposition on fibers was concluded to be a loosely attached surface 
coating based on the surface morphology of coated fibers. The iron oxide layer 
deposited on the coated fiberglass fibers was attributed to be the primary contributor 
of BET surface area (9.3 m2/g) for FGI110 fibers due to the very small BET surface 
area of uncoated fiberglass fibers. The XRD peaks of coated fiberglass fibers 
primarily matched with the XRD peaks of akaganeite. In addition, some of the XRD 
peaks of coated fiberglass fibers also matched with the XRD peaks of goethite. This 
could be attributed to the coating conditions used to develop coated fiberglass fibers, 
i.e., hydrolysis of acidic ferric chloride at 110°C for 24 hours and additional heat 
treatment at 110°C for 24 hours. It was speculated that akaganeite might have formed 
initially and transformed to goethite subsequently on heat treatment.  
This study compared four fibrous materials: fiberglass, polypropylene, polyester, 
and cellulose, for their abilities to retain iron oxide coatings. All fibers were observed to 
retain iron oxide coatings, which could be attributed to the combined effects of their 
material properties, coating methods, and conditions used. Fiberglass was found to retain 
more iron than sand. Much of this advantage is attributable to the higher specific surface 
area of fiberglass. However, the advantage over sand is actually greater than would be 
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predicted based on BET surface areas. Polyester and polypropylene retained somewhat 
more iron than sand but appear inferior to fiberglass based on this study. Scanning 
electron micrographs indicate that the coating is irregular, and some leaching of iron may 
be expected due to weak bonding of the iron oxide with the fibrous materials.  
In general, the application of fibers for retaining iron oxide loading appears to be 
promising, and further research to improve the uniformity and durability of the coating on 
fibrous materials is warranted. Pre-treatment methods may improve the affinity of the 
fiberglass for the iron oxide and thereby improve media performance. These coated fibers 
have the prospect of offering faster and greater metal removal, as has been reported for 
activated carbon fibers and other fibrous adsorbents for metal removal (Suzuki 1991; 
Vatutsina et al. 2007). Further kinetic, equilibrium, and breakthrough experiments of 
metal removal by these coated fibers are required to support this hypothesis.  
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CHAPTER 3: ARSENIC REMOVAL EFFECTIVENESS OF IRON OXIDE-
COATED FIBROUS MATERIALS 
 
 
3.0 ABSTRACT  
The objective of this work was to study the arsenic removal effectiveness of iron 
oxide-coated fiberglass, polypropylene, polyester, and cellulose materials. These coated 
fibers appear to have faster arsenate adsorption kinetics than iron oxide-coated sand. 
More than 90% arsenate was removed by all iron oxide-coated fibrous materials (sorption 
density: 0.0094-0.0099 mg As/g media) as compared to the 80% removal by iron oxide-
coated sand within the first 12 hours of the experiment. These coated fibers had higher 
arsenate adsorption densities than iron oxide-coated sand, while the cellulose fibers had 
the highest arsenate adsorption density of all the fibers tested. Markedly higher sorption 
densities of 0.13 and 0.23 mg As/g media for 20 μg/L aqueous phase arsenic 
concentration at equilibrium were obtained for iron oxide-coated fiberglass and cellulose, 
suggesting that these novel materials may offer advantages over iron oxide-coated sand. 
Fiberglass was selected as a promising fibrous material based on high iron retention 
ability and stability. Its arsenic removal effectiveness in continuous-flow operation was 
assessed in column experiments. Iron oxide-coated fiberglass was initially observed to 
release unacceptably high levels of iron into the water during column studies, but this 
reduced to levels below the secondary standard for iron, i.e. 0.3 mg/L, using alternative 
coating and washing procedures. The breakthrough arsenate adsorption capacity of 
coated fiberglass was calculated to be 0.44 mg As/g media (i.e., 1.9 mg As/g Fe). The 
materials considered here all have lower arsenate adsorption densities than commercially 
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available microporous metal hydroxide media. Pre-treatment methods may improve the 
affinity of fibrous materials for the iron oxide and thereby improve media performance.  
 
Keywords: Adsorption, Arsenic, Fibers, Iron Oxide-based Adsorbents  
 
3.1 OBJECTIVES 
 The objective of this study was to investigate the potential of several widely 
commercially available fibrous materials: polypropylene, polyester, fiberglass, and 
cellulose, as substrates for the development of iron oxide-coated arsenic adsorbents. All 
of these fibrous materials are widely and readily available (fiberglass is a common 
insulation, polypropylene and polyester fibers are used in geosynthetic mats, and 
cellulose fibers are found in many agricultural waste products, such as straw). In addition, 
sand was considered here to provide a basis of comparison between these novel fibrous 
materials and a granular material which has been widely studied by previous researchers 
(Vaishya and Gupta 2003; Thirunavukkarasu et al. 2003a; Joshi and Chaudhuri 1996; 
Benjamin et al. 1996). Iron oxide-coated fibrous materials, prepared using the preferred 
coating conditions given in Table 3-1, were tested for their arsenic removal effectiveness 
in batch (kinetic and equilibrium) and column studies.  
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3.2 EXPERIMENTAL  
3.2.1 Materials 
All chemicals used were of reagent grade, and de-ionized water (milliQ water23, 
18.2 µmho) was used to prepare solutions. Prior to use, all glassware and polyethylene 
bottles were washed in 10% nitric acid24 for 12 hours and rinsed with de-ionized water.  
Iron chloride solution was prepared using FeCl3 (>98% purity1). HCl and NaOH1 (>98% 
purity) were used for pH adjustment. Sodium arsenate25 (>98% purity) was used to 
prepare arsenic solutions. Four fibrous materials: polypropylene mat26, polyester27, 
cellulose sponge28, fiberglass insulation29
                                                 
23Millipore Corp., Billerica, MA.,U.S.A. 
24Fisher-Scientific, Pittusburgh, Pa.,U.S.A. 
25Sigma-Aldrich, Milwaukee, Wis.,U.S.A. 
26US Fabrics, Cincinnati, Oh.,U.S.A. 
27Jamestown Distributors, Bristol, R.I.,U.S.A. 
28HWI, Fort Wayne, In.,U.S.A. 
29Ace Hardware, Philadelphia, Pa.,U.S.A. 
, and sand were used to prepare iron oxide-
based materials for arsenic removal. To remove surface impurities and oxide coatings, 
sand was soaked in an acid solution (1.0 M HCl) for 24 hours, rinsed with de-ionized 
water three times and dried at 110°C for 20 hours before use (Xu and Axe 2005; 
Benjamin et al. 1996). The fibrous materials were submerged in de-ionized water 
overnight at room temperature (25°C), rinsed with de-ionized water, and dried again at 
room temperature for 20 hours. Characteristics, such as diameter, functional group type, 
and Brunauer, Emmett, and Teller (BET) surface area of sand, fiberglass insulation, 
cellulose sponge, polyester fibers, and polypropylene mat are summarized in Table 3-1. 
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Table 3-1: Characteristics of Different Fibrous Materials 
 Material 
 Sand Fiberglass  
Insulation 
Cellulose  
Sponge 
Polyester  
Fiber 
Polypropylene 
 Mat 
Functional 
groups 
Silanol Silanol Carboxyl Ester None 
 
Diameter-μm 500 10 NA 48* 40 
 
BET surface 
area-raw-
m2/g 
 
0.04† 0.17 1.5 0.09 0.14§ 
 
Preferred 
coating 
conditions 
0.25M 
Fe, 
pH 7, 
110°C 
 
0.25M Fe, 
pH 1.3, 
110°C 
0.25M Fe, 
pH 1.3, 25°C 
2.5M Fe, 
pH 8.5 , 
25°C 
 
0.25M Fe, 
pH 7, 25°C 
BET surface 
area-coated-
m2/g 
 
5.6‡ 9.3 1.3 2.4 8.4§ 
 
Iron loading-
mg Fe/g** 
 
51 210 19 16 4 
 
Iron 
loading/raw 
BET surface 
area-mg Fe 
/m2 
 
1.3×103 1.2×103 0.01×103 0.18×103 0.03×103 
 
Freundlich 
arsenate 
density (Kf) -
mg/g mg1/n 
/L1/n 
 
0.13 2.3 7.5 0.47 0.13 
 
Freundlich 
arsenate 
density/iron 
loading--mg 
As/ mg Fe 
mg1/n /L1/n  
2.6×10-3 10.4×10-3 394×10-3 29×10-3 33×10-3 
BET- Brunauer, Emmett, and Teller; NA-Not available, 
*Garai and Pompoli (2005) 
†Benjamin et al. (1996)  
§Blackwood (2007) 
‡Average of BET surface area values from Benjamin et al. (1996); Vaishya and Gupta (2003) 
** Under preferred coating conditions  
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3.2.2 Coating Procedure 
Four fibrous materials: polypropylene mat, polyester, cellulose sponge, and 
fiberglass insulation and sand were coated with iron oxide as per the experimental 
conditions given in Table 3-1. These coating conditions were observed to provide higher 
iron oxide coating on these materials and were selected to prepare iron oxide-based 
materials for arsenic adsorption experiments. Detailed descriptions about these coating 
conditions are given in the section 2.2.2.    
 3.2.3 Arsenic Adsorption Studies 
 
Arsenic removal effectiveness of iron oxide-coated fibrous materials was 
investigated in the presence of co-solutes to assess the performance of these fibers under 
realistic conditions. This study used a single set of background ion concentrations 
representative of typical groundwater. The study did not vary the levels of co-solutes 
because previous studies have documented the effects of many common water 
constituents, such as silica, sulfate, phosphate, calcium, nitrate, pH, etc. on arsenate 
adsorption on iron oxide surfaces (Montoya and Gurian, 2004; Holm 2002; Gao and 
Mucci 2001; Swedlund and Webster 1999; Wilkie and Hering 1996; Manning and 
Goldberg 1996; Edwards 1994; Dzombak and Morel 1990). A number of adsorption 
models are available that account for speciation of arsenic and iron oxide as well as 
competitive effects with other ions (Edwards 1994; Dzombak and Morel 1990; Westall et 
al. 1976).   
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3.2.3.1 Synthetic Groundwater 
Water quality characteristics (Table 3-2) from an arsenic-bearing well in the 
southwestern U.S. (specifically El Paso Water Utilities well 303) were simulated as the 
Southwest has the highest percentage of systems that exceed the new MCL (Gurian et al. 
2001a). Well 303 is located in El Paso Water Utilities’ Canutillo well field and draws 
from the intermediate stratum of the Santa Fe formation at a depth of 167 m, a portion of 
the aquifer with moderately reducing conditions (Marquez et al. 2005). Experiments 
comparing the synthetic water used in this study with actual water from well 303 found 
generally similar results at arsenic concentrations ranging from 20-50 μg/L (Kumar et al. 
2007a). Arsenic removal studies were conducted using arsenate only. Given the amount 
of previous research addressing effects of arsenic speciation on sorption to iron 
hydroxides, including both experimental (Vaishya and Gupta 2003; Hering et al. 1997) 
and modeling studies (Montoya and Gurian 2004; Gao and Mucci 2001; Swedlund and 
Webster 1999; Wilkie and Hering 1996; Manning and Goldberg 1996; Smith 1998; 
Edwards 1994; Goldberg 1985), further research in this area was not considered a 
priority. There is already considerable evidence that an iron oxide adsorption process that 
is effective for removing arsenate at the moderately alkaline pH values, typical of 
southwestern groundwater, will also be effective at removing arsenite (Daus et al. 2004; 
Katsoyiannis and Zouboulis 2002; Hering et al. 1997). If necessary, water utilities can 
oxidize arsenite to arsenate prior to treating for arsenic.  
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Table 3-2: Water Quality Characteristics of well 303 
Parameters Value 
Temperature-°C 23 
pH 7.6 
Alkalinity-mg/L CaCO3  134 
Total hardness-mg/L CaCO3 195 
Arsenic- µg/L 33 
Calcium-mg/L  56 
Silica-mg/L 33 
Iron-mg/L < 0.3  
Sulfate-mg/L 276 
Chloride-mg/L 232  
Nitrate-mg/L 1.4 
Total organic carbon Not reported 
CaCO3-calcium carbonate. 
Source: EPWUPSB (2005). 
 
 
 
3.2.3.2 Batch Kinetic Study 
To determine the equilibrium times for arsenate removal by different iron oxide-
coated sorbents, two grams of coated material were contacted to 200 mL solution of 
synthetic groundwater at different arsenic concentrations (i.e., 10g/L sorbent 
concentration) in a 250 mL polypropylene bottle at 25°C in a rotary shaker at 175 rpm. A 
10 mg/L As(V) stock solution was prepared and diluted appropriately to prepare lower 
arsenic concentrations (100 μg/L, 500 μg/L and 1,000 μg/L As(V)). Synthetic 
groundwater containing different As(V) concentrations was prepared by simulating the 
water quality characteristics of the El Paso Water Utilities’ well 303 (Table 3-2). Solution 
pH was maintained at pH 7.6 using HCl and NaOH. These conditions yield equilibrium 
arsenic concentrations representative of many drinking water applications (generally 
<500 μg/L As (V) even in highly contaminated areas, such as Bangladesh) (Mandal and 
Suzuki 2002).  Samples were taken at 12 hours, 24 hours, and 48 hours, respectively after 
the initiation of the experiment.   
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In another batch kinetic experiment, 10g/L of adsorbent material was contacted 
with synthetic El Paso water spiked with 1,000 μg/L As(V). Samples were collected by 
sacrificing different batch reactors at 0.5 hour, 1 hour, and 2 hours after the initiation of 
the experiment. 
To study the change in arsenate adsorption kinetics of iron oxide-coated fiberglass 
due to the presence of co-solutes in solution, a kinetic study of arsenate adsorption on 
iron oxide-coated fiberglass fibers, coated using coating conditions (1.3 pHcoating, 0.25 M 
Fecoating, and 110°C tempcoating; FGI110 fibers, hereafter) was also conducted using two 
different solutions: (1) de-ionized water spiked with 1,000 μg/L As(V) and (2) synthetic 
El Paso groundwater spiked with 1,000 μg/L As(V). Samples were collected at 0.17 hour, 
0.5 hour, 1 hour, 2 hours, 12 hours, and 24 hours after the initiation of the experiment. 
3.3.3.3 Batch Equilibrium Study 
 Equilibrium studies of different iron oxide-coated fibrous sorbents were 
conducted using a synthetic El Paso water with an initial concentration of 1,000 μg/L 
As(V) at pH 7.6 for equilibrium time determined from the batch kinetic studies (Solution 
type: Synthetic El Paso water; [As (V)]0: 1,000 μg/L; temp.: 25°C; ionic strength: 0.0175 
M; system: closed to atmosphere). Different sorbents used in batch equilibrium studies 
are presented in Table 3-1. Adsorption isotherms were developed by varying the sorbent 
concentrations between 2.5g/L and 10g/L.  
To study the effects of co-solutes on the arsenate adsorption behavior of fiberglass 
fibers, the following coating conditions: 1.3 pHcoating, 0.25 M Fecoating, 110°C tempcoating, 
were used. Batch equilibrium studies were also conducted using three different solutions: 
(1) de-ionized water spiked with 1,000 μg/L As(V) solution, (2) synthetic groundwater 
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(Table 3-2) spiked with 1,000 μg/L As(V), and (3) El Paso groundwater spiked with 
1,000 μg/L As(V). Different sorbent concentrations of 1, 2.5, 5, 7.5, and 10g/L were used 
to develop the arsenate adsorption isotherms.   
To study the effects of initial iron concentrations on arsenate removal 
effectiveness of fiberglass fibers, fiberglass fibers were coated using different initial iron 
concentrations ranging from 0.05 to 2.5M Fecoating under the preferred pH and 
temperature conditions (110°C tempcoating, 1.3 pHcoating) and contacted with synthetic El 
Paso groundwater spiked with 1,000 μg/L As(V) for 24 hours.  Two different sorbent 
concentrations, 2.5 g/L and 10g/L, were used in this study.  
3.2.3.4 Column Study 
Column studies were conducted to study the arsenate breakthrough behavior of 
the most promising adsorbent by operating a column (30 cm height, 2.52 cm diameter) in 
an up-flow mode using a constant flow peristaltic pump and Tygon® tubing at 25 
mL/min flow rate, unless otherwise mentioned. Fig. 3-1 shows the photograph of the 
overall column arrangement for studying arsenic removal in a continuous-flow system. 
Fig. 3-2 show the basic configuration of a column test. The effective porosity in the 
column was assumed to be constant as the ratio of column length to column diameter 
(i.e., 12) was greater than the required value (i.e., 4) (Su and Puls 2003).  The column 
was operated at a flow rate of 25 mL/min (i.e., Empty Bed Contact Time of 6 minutes), 
unless otherwise mentioned. The minimum interstitial pore water velocity required for 
dispersion and diffusion to have minimal impacts was calculated to be 5.2 x 10-5 cm/sec 
(i.e., 0.016 mL/min) using Equation 3-1, which was developed based on the assumption 
that the pore velocity is large enough to result in a peak dispersion width smaller than the 
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column length to reduce the effects of dispersion and diffusion in laboratory columns 
(Relaya 1982; Su and Puls 2003). 
80≥=
D
vHPe                                                                                                             (3-1a) 
H
v 0016.0≥                                                                                                                  (3-1b) 
where Pe represents Pecklet number (i.e., ratio of rate of transport due to advection and 
rate of rate of transport by dispersion), v  represents the interstitial pore velocity (in 
cm/sec), D represents diffusion coefficient of the solute in water (assumed value = 
5102 −×  cm2/sec; Relaya 1982), and H  represents the column height (in cm). The 
superficial velocity of the column used in this study (i.e., 0.083 cm/sec) greatly exceeds 
this minimal value (i.e., 5.2 x 10-5 cm/sec), indicating that the effects of dispersion and 
diffusion in the column were not significant (Relaya 1982; Su and Puls 2003).  
In a typical column study, the coated media, cut in small pieces, was packed 
manually in the column following the approach used in Vatutsina et al. (2007). Media 
was initially washed with de-ionized water at 25 mL/min flow rate (referred to as single-
step washing, hereafter) and subsequently exposed to the synthetic El Paso groundwater 
spiked with 1,000 μg/L As(V) (solution pH 7.6). Liquid samples were collected at 
specified times and analyzed for pH, aqueous iron, and arsenic concentrations.  
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(a) (b) 
Figure 3-1: Photographs of the Column Experiments for Arsenic Removal:  (a) 
Overall Arrangement, (b) Up-flow Column 
 
 
 
 
 
 
 
 
 
Figure 3-2: Schematic of a Typical Column Study for Arsenic Removal (not to scale) 
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3.2.4 Analytical Methods 
3.2.4.1 Filtration 
Suspensions containing fibrous adsorbents, collected at definite time intervals 
during adsorption studies, were filtered immediately through a 0.45-μm nominal pore size 
membrane filter30
Filtered aqueous samples were preserved using nitric acid
.  
3.2.4.2 Sample Preservation  
31
Arsenic concentrations in adsorption studies pertinent to fibers were determined 
using inductively coupled plasma-mass spectrometry (ICP-MS) according to the EPA 
Method 200.8 (USEPA, 1994b) at an EPA-certified laboratory
 at 4°C (pH <2) until 
arsenic analysis.  
3.2.4.3 pH Measurements 
pH values of different aqueous solutions were measured following the procedure 
described in the section 2.2.3.1. 
3.2.4.4. Iron Analysis 
Iron loadings on different fibrous materials were determined following the 
procedure described in the section 2.2.3.2. 
3.2.4.5 Arsenic Analysis 
32
                                                 
30 Fisher-Scientific, Pittusburgh, Pa.,U.S.A. 
31 Fisher-Scientific, Pittusburgh, Pa.,U.S.A. 
32 QC Laboratories, Southampton, Pa.,U.S.A. 
. The minimum detection 
limit for arsenic is 2 μg/L (Laboratory reported analytical errors: 5-10%).    
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3.2.5 Mathematical Methods 
Different kinetic models were fitted to the adsorption data and models were 
compared on the basis of sum of squares of error (SSE) function (Equation 3-2).  
( )[ ]
i
N
i
QQSSE ∑
=
−=
1
1
2
mod                                                                                          (3-2) 
where Q  is the experimental arsenate adsorption density, modQ is the modeled arsenate 
adsorption density, and 1N  is the total number of data points. Non-linear minimization 
of SSE was performed using the Solver add-in with Microsoft’s Excel spreadsheet. The 
linearized form of models were not used in model-fitting as transformation of non-linear 
equations to linear equations changes their error structure  and may violate the error 
variance and assumptions of normality of standard least squares (Ho 2004). For every 
material, all models were compared on the basis of their adjusted coefficient of 
determination ( adjR2 ) values and the model with the highest adjR2 value was selected 
as the most-appropriate model. The adjusted coefficient of determination for the model 
was calculated by Equation C3-2 (see Appendix C3), which incorporates the number of 
model parameters used for model fitting. 
To compare different isotherm models for arsenate adsorption on coated fibrous 
materials, the coefficient of determination (R2) values of different models were 
compared. In addition, an F-ratio test was also performed for every material to identify 
the most-appropriate isotherm model and its significance was evaluated for a 0.05 level 
test (α = 0.05). Detailed descriptions of the mathematical analysis are summarized in the 
Appendix C. 
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3.3 RESULTS AND DISCUSSION 
3.3.1 Time to Equilibrium for Arsenate Adsorption on Iron Oxide-coated Fibers 
Fig. 3-3 shows the results of the batch experiments, studied for determining 
equilibrium times of arsenate adsorption on iron oxide-coated fibers. More than 90% of 
the arsenate was removed by all the iron oxide-coated fibers (adsorption density 0.0094-
0.0099 mg As/g media) as compared to the 80% removal by sand within first 12 hours of 
the experiment (Fig. 3-3). Some arsenic adsorption was also observed for uncoated 
fiberglass material (adsorption capacity: 0.0027 mg As/g uncoated fiberglass; 48 h 
equilibrium time), which could be attributed to the presence of small amounts of metal 
oxide on the uncoated fiberglass insulation (Bismarck et al. 2004).  
Previous studies on arsenic adsorption by iron oxide-based adsorbents have 
reported that iron oxide adsorbs more arsenic compared to silanol functional group (Zeng 
2003 & 2004; Scheidegger et al. 1993), carboxylic, or amino functional groups (Ghimire 
et al. 2003; Guo and Chen 2005; Munoz et al. 2002). Arsenate removal on iron oxide has 
been shown to be a surface complexation process, in which arsenate forms inner-sphere 
monodendate or bidentate surface complexes with iron species (Waychunas et al. 1993; 
Raven et al. 1998). During the surface complexation reaction process on iron oxide 
surface, either the hydroxyl ions or water molecules in the iron coordination sphere is 
replaced by arsenate ions depending on solution pH (Edwards 1994; Dzombak and Morel 
1990; Ghimire et al. 2003; Waychunas et al. 1993). In addition, arsenate removal has also 
been observed due to the presence of some functional groups on raw material, such as 
amino group. During the study of arsenate removal by iron loaded cellulose-based 
forager sponge, Munoz et al. (2002) observed only 14% arsenate removal by iron loaded 
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on the raw material (1.04 mol As/mol Fe; 0.26 mmol As/g iron) compared to that on 
forager sponge (i.e.  1.57 mmol As/g forager sponge) and attributed this to the presence 
of amino-surface functional groups on the raw material.  In general, observed arsenic 
removal by these iron-oxide-coated fibers could be attributed to the deposited iron oxide 
coating and availability of surface functional groups capable of binding arsenic from 
water. 
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Figure 3-3: Equilibration of Arsenic Adsorption on Fibrous Materials over Time 
(Synthetic El Paso Groundwater, pH 7.6, 10g/L sorbent, 100 μg/L As(V) for all 
adsorbents except Cell25 and PPm25. The arsenic concentration was 500 µg/L for 
both Cell25 and PPm25). 
Cell25- cellulose sponge coated using coating conditions (0.25M Fecoating, 1.3 pHcoating, 25°C tempcoating), 
FGI110- fiberglass insulation coated using coating conditions  (0.25M Fecoating, 1.3 pHcoating, 110°C 
tempcoating), PETf25-polyester fiber coated  using coating conditions (2.5M Fecoating, 8.53 pHcoating,25°C 
tempcoating), PPm25-polypropylene mat coated using coating conditions (0.25M Fecoating, 7 pHcoating, 25°C 
tempcoating), Sand25- sand coated using coating conditions (0.25M Fecoating, 7 pHcoating, 25°C tempcoating), 
Sand110- sand coated using coating conditions (0.25M Fecoating, 7 pHcoating,  110°C tempcoating). 
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The arsenate adsorption on iron oxide-coated fibers came close to reaching 
equilibrium in 12 hours and a small amount of additional adsorption appears to have 
occurred by 48 hours. An initial faster arsenate adsorption followed by a much slower 
adsorption on coated fibers is consistent with previous reports in the literature of the 
kinetics of arsenate adsorption on iron oxide (Vaishya and Gupta 2003; 
Thirunavukkarasu et al. 2003a; Kuriakose et al. 2004; Payne and Abdel-Fattah 2005; 
Gupta et al. 2005).  Allowing the reaction to reach complete equilibrium is generally not 
considered feasible as the slower process may require weeks or longer to reach 
equilibrium. Previous researchers have generally used equilibration times of 24 hours or 
less (Kuriakose et al. 2004; Zeng 2004; Guo and Chen 2005; Payne and Abdel-Fattah 
2005). An equilibrium time of 24 hours was selected for this study as this allows ample 
time for the rapid, initial sorption step to reach completion and is comparable to the time 
scales used by other researchers.  
3.3.2 Arsenate Adsorption Kinetics of Iron Oxide-coated Fiberglass Fibers 
To investigate the relative arsenic adsorption kinetic advantage of iron oxide-
coated fibers over iron oxide-coated sand, a follow up kinetic study comparing sand and 
fiberglass over a shorter time-scale was conducted so that differences could be observed 
more clearly. The results of this study are presented in Fig. 3-4. More than 50% of the 
arsenate was removed by FGI110 fibers within 2 h of the kinetic experiment (adsorption 
density: 0.065 mg As/g media). Iron oxide was observed to remove 77% of overall 
arsenate adsorbed (i.e., 0.050 mg As/g iron oxide) by FGI110 fibers compared to the 23% 
arsenate adsorbed by the uncoated fiberglass (i.e., 0.015 mg As/g uncoated fiberglass). 
Arsenate adsorption was observed to be faster in the beginning (t < 2 h) and then leveled 
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off after 12 h of the kinetic study (adsorption density: 0.097 mg As/g media; 0.075 mg 
As/g iron oxide). Arsenate adsorption was not observed to increase after 12 h of initial 
contact time (arsenate adsorption density at 24 h: 0.099 mg As/g media).The observed 
differences are modest but appear to support more rapid removal by the FGI110 fibers. 
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Figure 3-4: Arsenate Adsorption kinetics of Coated Fiberglass Fibers and Sand 
(Coating Conditions: 110°C tempcoating, 0.25 M Fecoating, 1.3 pHcoating; Adsorption 
Conditions: 10g/L, 1,000 μg/L initial As(V), solution pH 7.6,  semi-log plot with x-
axis on logarithmic scale)   
FGI110_DI- fiberglass insulation  coated using coating conditions (0.25M Fecoating,1.3  pHcoating, 110°C 
tempcoating) and exposed to de-ionized water, FGI110_SynGDW- fiberglass insulation  coated using coating 
conditions (0.25M Fecoating,1.3  pHcoating, 110°C tempcoating) and exposed to synthetic groundwater, 
Sand110_SynGDW-Sand coated using coating conditions (0.25M Fecoating,1.3  pHcoating, 110°C tempcoating) 
and  exposed to synthetic groundwater. 
 
 
 
To determine the effectiveness of iron oxide coating in removing arsenic, 
observed arsenic adsorption capacities of iron-oxide-coated fiberglass at different stages 
of adsorption kinetics were normalized with respect to the external iron sites (i.e., present 
on the external surface of the iron oxide coating and proportional to external iron oxide 
surface area) and internal iron sites (i.e., present within the interior pores of the iron oxide 
coating and proportional to internal iron oxide surface area). Using the BET surface area 
values of uncoated and iron oxide-coated fiberglass materials (i.e., 0.17m2/g and 9.3 
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m2/g, respectively; Table 2-1), the BET surface area of iron oxide was calculated to be 
9.13 m2/g coated material). Assuming uniform and 100% coverage for iron oxide on 
fiberglass surface and 2500 Kg/m3 as the density of uncoated fiberglass material ( ρ ) and 
5 μm as the fiber radius ( cR ) of the uncoated fiberglass (Fig. 2-4), the specific external 
surface area available for iron oxide deposition (i.e., 
cc
c
ext RlR
lRSSA
ρρπ
π 22
2 == )  was calculated to 0.16 m2/g, similar to the 
observed BET surface area of the uncoated fiberglass material (i.e., 0.17 m2/g; Table 2-
1). Using the overall surface area of the iron oxide coating (i.e., 9.13 m2/g coated 
material), the internal surface area for iron oxide ( ioSSAint, ) was calculated to be 8.96 
m2/g, comparable to the BET surface area of iron oxide coating which Benjamin et al. 
(1996) obtained during coating of sand using the acidic pH and high temperature coating 
conditions (3.2% Fe by wt.).  
Using the arsenic adsorption data (Fig. 3-4), the effectiveness of the iron oxide 
coating in removing arsenic was calculated to be 0.2985 mg As/m2 iron oxide (for 0.050 
mg As/g iron oxide and extSSA = 0.17 m2/g coated material) and 0.0082 mg As/m2 iron 
oxide (for 0.075 mg As/g iron oxide and totalSSA = 9.13 m2/g coated material) at 2h and 
12 h after the initiation of the arsenic kinetic study, respectively. The first figure exceeds 
a theoretical estimate of the arsenic adsorption capacity and the capacity of GFH (see 
below). This suggests that substantial internal surface area is involved in adsorption even 
in the first two hours. The arsenate adsorption capacity of iron-oxide-coated fiberglass at 
12 h (i.e., 0.0084 mg As/m2) was observed to be higher than that reported for GFH (i.e., 
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0.0004 mg As/m2 GFH; calculated using BET surface area value of 112 m2/g and 0.048 
mg As/g GFH after 6 hours of a kinetic study (Thirunavukkarasu et al. 2003b)). 
However, the arsenic adsorption capacity at 12 h was observed to be smaller than a 
theoretical arsenic adsorption capacity (i.e., 0.0347 mg As/m2), indicating that not all of 
the iron oxide sites are easily available for arsenic adsorption. The theoretical arsenic 
adsorption was calculated using an ionic radius of ~ 2 nm for an arsenate ion 
(Badruzzaman, 2004) and crystallite size of 24 nm of goethite iron oxide particles 
(diameter; Frost et al. 2005) (see Appendix D for detailed calculation). 
It appears that iron oxide is highly effective in removing arsenic during the first 
phase of adsorption kinetics (t < 2h) compared to the second phase of the kinetics (i.e., 
between 2 and 24 h of the study). The observed arsenate adsorption kinetics on iron-
oxide-coated fiberglass are consisted with models of intraparticle transfer (see Section 
3.3.2.3). Similar intra-particle mass-transport has been reported to be the limiting 
mechanism for adsorption of arsenate on porous adsorbents previously (Badruzzaman et 
al. 2004; Kuriakose et al. 2004; Kim et al. 2004; Guo and Chen 2005). 
As a prospective iron oxide-coated fibrous adsorbent for arsenic removal, 
fiberglass fibers appear to offer faster arsenate removal kinetics than other arsenic 
adsorbents, such as iron-oxide impregnated sand (Vaishya and Gupta 2003), iron oxide-
coated phosphorylated orange waste (Ghimire et al. 2003), granular ferric hydroxide 
(Thirunavukkarasu et al. 2003b), iron (III) oxide/silica (Zeng 2004), ion exchange resin 
(Greenleaf et al. 2006), bead cellulose filled with iron oxyhydroxide (Guo and Chen  
2005), and activated alumina (Lin and Wu 2001) (Table 1-3). However, these fibers 
appear to have a slower arsenate removal kinetics than hybrid (polymer/inorganic) fibers 
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(Vatutsina et al. 2007), hybrid ion exchange fibers (Greenleaf et al. 2006), and goethite 
(Waltham and Eick 2002) (Table 1-3).  
3.3.2.1 Effects of Co-solutes on the Arsenate Adsorption Kinetics of Iron Oxide-coated 
Fiberglass Fibers 
The effect of co-solutes on the arsenate adsorption kinetics of FGI110 fibers is 
shown in Fig. 3-4. Higher arsenic removal was observed from synthetic El Paso 
groundwater as compared to that from the pure arsenic system in the first two hours. The 
adsorption of divalent cations, such as Ca2+ and Mg2+, on iron oxide-coated sorbents is an 
outer-sphere reaction which would be expected to occur relatively rapidly compared to 
the inner-sphere arsenic adsorption reaction (Stollenwerk 2003). The adsorption of these 
cations would provide a more positive surface charge, which would encourage faster 
adsorption of the negatively charged arsenate. The adsorption capacity, as indicated by 
the removal at 24 hours, was similar in both systems.   
3.3.2.2 Arsenate Adsorption Kinetic Models for Iron Oxide-coated Fiberglass Fibers 
To understand arsenate adsorption kinetics on coated fiberglass fibers, different 
kinetic models, such as the Lagergren pseudo-first order, first order, pseudo-second 
order, second order, and Elovich models were fitted to the kinetic data (Ho and McKay, 
1999; Zeng 2004; Kuriakose et al. 2004). Table 3-3 presents the non-linear expressions of 
these kinetic models with estimated model parameters and statistics indicating the 
goodness-of-fit of these models. Based on minimum SSE and maximum adjusted 
coefficient of determination (R2adj) values, the Elovich equation was observed to provide 
the best fit to the kinetic data of arsenate adsorption on FGI110 fibers (SSE = 2×10-4, 
R2adj = 0.9647) as compared to other kinetic models tested (Table 3-3). The pseudo-
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second order kinetic model was also observed to describe the arsenate adsorption kinetics 
on coated fibers (SSE = 7×10-4, R2adj = 0.8765) very well. Both of these adsorption kinetic 
models have been used to describe adsorption kinetics of arsenic on porous adsorbents 
(Zeng 2004; Guo and Chen 2005).The pseudo-second order rate constant (ks2) for the 
FGI110 fibers (1.2 ×105/h) (Table 3-3) was observed to be much higher than the 
previously reported values for other arsenic adsorbents, such as natural goethite (3×10-
3/h; Gimenez et al. 2007), natural hematite (16.8×10-3/h; Gimenez et al. 2007), natural 
magnetite (7×10-3/h; Gimenez et al. 2007), bead cellulose filled with iron oxyhydroxide  
(8.6 ×10-4/h; Guo and Chen  2005), nanocrystalline TiO2 (5.5×10-6/h; Pena et al. 2005), 
granular ferric hydroxide (2×103/h; Thirunavukkarasu et al. 2003b) and mesoporous 
alumina (9×102/h; Kim et al. 2004). The fittings of the Elovich and the pseudo-second 
order models to the experimental kinetic data are shown in Fig. 3-5.  
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Figure 3-5: Arsenate Adsorption Kinetics of Coated Fiberglass Fibers (Coating 
Conditions: 110°C tempcoating, 0.25 M Fecoating, 1.3 pHcoating; Adsorption Conditions: 
10g /L sorbent, de-ionized water spiked with 1,000 μg /L As (V), pH 7.6) 
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Table 3-3: Adsorption Kinetics and Mass-transfer Models to describe Arsenate 
Adsorption Kinetics of Coated Fiberglass Fibers (Coating Conditions: 110°C 
tempcoating, 0.25 M Fecoating, and 1.3 pHcoating; Adsorption Conditions: 10g/L sorbent, 
de-ionized water spiked with 1,000 μg /L As (V), pH 7.6) 
Model Expression Parameters Fitting Statistics 
Kinetic Models 
Lagergren pseudo 
first-order 
[ ])exp(1 1tkQQ seq −−=  
(Qeq assumed = 0.099 mg/g)  
 
ks1 = 3.1367/h 
t0.5 =  0.2214 h 
 
R2adj =0.6778 
SSE = 21×10-4 
First order 
 
[ ])exp( 10 tkCC −=  k1 = 3.0040/h t0.5 = 0.2307 h 
 
R2adj =0.6604 
SSE = 22×10-4 
Pseudo-second 
order 
 eqs
eqs
tQk
tQk
Q
2
2
2
1 +
=  
ks2 = 1.2 ×105/h 
Qeq = 0.087 mg/g 
t0.5 = 0.1280 h 
 
R2adj =0.8765 
SSE = 7×10-4 
 
Second order 
 
02
0
1 tCk
CC
+
=  
k2 =4.92 L/(mg.h) 
t0.5 = 0.2032h 
R2adj =0.8468 
SSE = 10×10-4 
Elovich 
 )ln(1 1
1
tab
b
Q =  
(for Q (t = 0) = 0 and ab1t >>1) 
 
a =0.177/h 
b1 =138000 
t0.5 =  0.0398 h 
R2adj =0.9647 
SSE = 2×10-4 
 
Mass-transfer Models 
External mass-
transfer diffusion 
model 
 
ext
t
K
dt
CCd
−=
→ 0
0 )/(  
 
Kext = 3.295/h N/A 
Weber & Morris  
model 
5.0
& tKQ MW=  KW&M = 0.0083 (mg/g)/h0.5 
 
R2  = 0.9193 
 
Urano & 
Tachikawa model [ ]& )exp(1 tKQQ TUeq −−=
 
Qeq = 0.0838 mg/g 
KU&T = 3.3881/h 
 
R2  = 0.8571 
SSE = 9.2×10-4 
 
 N/A-Not applicable 
 
 
  
3.3.2.3 Mass-transfer Arsenate Adsorption Models for Iron Oxide-coated Fiberglass 
Fibers 
To understand the rate-limiting step in the arsenate adsorption process, the batch 
adsorption kinetic data for iron oxide-coated fiberglass fibers was modeled using the 
external mass-transfer diffusion model and two intraparticle diffusion models: the Weber 
and Morris (W & M) model and the Urano and Tachikawa (U & T) model (Sag and 
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Aktay 2002; Kuriakose et al. 2004). Non-linear expressions of different mass-transfer 
models, their estimated model parameters, and statistics indicating their goodness-of-fit 
values are also given in Table 3-3.  
Fig. 3-6 shows the arsenate adsorption kinetics of iron oxide-coated fiberglass 
fibers (FGI110) for the initial 2 hours of the kinetic study. The initial rate of change of 
fraction of arsenate removed with time (i.e., extK ), corresponding to the first 0.2 h of the 
study when external mass-transfer is limiting, was determined to be 3.295/h using the 
slope of the curve between
0C
C
 and t  (Fig. 3-6). This model was developed assuming 
that at time t = 0, no arsenic is present on the material surface. Coated fiberglass fibers 
appear to have a smaller external mass-transfer rate constant (Table 3-3) than other 
arsenic adsorbents, such as granular ferric hydroxide (213/h to 8028/h) (Badruzzaman et 
al. 2004; Sperlich et al. 2005), indicating that these coated fiberglass fibers offer higher 
resistance to arsenate ions during the external mass-transfer process. As the external 
mass-transfer constant estimate was calculated using the arsenic adsorption data after 0.2 
h of the initiation of the kinetic study as an approximation for adsorption at the very early 
stage of the reaction, accumulation of intermediate arsenate adsorption data for the initial 
stage of the kinetics are expected to improve the estimation of external mass-transfer 
constant. 
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Figure 3-6: Arsenate Adsorption Kinetics of FGI110 Fibers During the Initial 2 
Hours of the Kinetic Study (Coating Conditions: 110°C tempcoating, 0.25 M Fecoating, 
and 1.3 pHcoating; Adsorption Conditions: 10g/L sorbent, 1,000 μg/L As(V), and pH 
7.6)  
The external mass-transfer constant is estimated by a linear fit to the initial data points. 
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Figure 3-7: Intraparticle Mass-transfer Diffusion Models for Arsenate Adsorption 
on FGI110 Fibers (Coating Conditions: 110°C tempcoating, 0.25 M Fecoating, and 1.3 
pHcoating; Adsorption Conditions: 10g/L sorbent, 1,000 μg/L As(V), and pH 7.6): (a) 
the Weber and Morris Model, and (b) the Urano and Tachikawa Model 
 
 
 
To investigate the possibility of mass-transfer resistance due to intraparticle 
diffusion, the Weber & Morris and the Urano & Tachikawa models were fit to the 
observed kinetic data. The Weber and Morris model has been previously used to calculate 
the initial rate of intraparticle diffusion for initial adsorption period by linearlizing 
Equation 3-3, which was developed for adsorption on a spherical particle assuming 
constant diffusivity during the adsorption process (Sag and Aktay 2002; Weber 1972).  
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5.0
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5.0
5.0
5.06
tKt
r
QD
Q MW
eq
t == π                                                                                        (3-3) 
The Weber & Morris intraparticle diffusion model (Equation 3-3) provided a good fit to 
the kinetic data (R2 = 0.9193) (Fig. 3-7a, Table 3-3). Another intraparticle model, the 
Urano & Tachikawa model (Table 3-3), was not observed to fit the kinetic data as well 
(R2 = 0.8571) (Fig. 3-7b, Table 3-3). This model was developed based on the assumption 
that the adsorption rate is independent of the stirring speed and external diffusion is 
insignificant relative to the overall adsorption rate (Sag and Aktay 2002). A comparison 
of the W & M intraparticle diffusion rate constant of FGI110 fibers, calculated using the 
slope of the linear model (8.3 × 10-3 (mg /g)/h0.5; Table 3-3), with that of other arsenic 
adsorbents, such as iron oxide impregnated activated alumina (22× 10-3 (mg/g)/h0.5; 
Kuriakose et al. 2004) and mesoporous alumina (1.24 (mg/g)/h0.5; Kim et al. 2004) 
indicated that these coated fiberglass fibers have the lowest rate constant and appear to 
offer a higher intra-particle mass-transfer resistance to the diffusion of arsenate ions.  
Intraparticle diffusion of ions on porous adsorbent may occur within the pore 
space or along the surface of adsorbent within pore space and thus, intraparticle mass-
transfer resistance is a combination of surface and pore-diffusion (Crittenden et al. 1991; 
Badruzzaman et al. 2004). During adsorption of arsenate ions on granular ferric 
hydroxide, mass-transfer due to surface diffusion has been observed to be dominating 
over pore diffusion (Badruzzaman et al. 2004). Assuming that surface diffusion 
dominates during arsenate adsorption on iron oxide-coated fiberglass, the effective 
coefficient of diffusion was calculated and compared with that of other arsenic 
adsorbents. To determine effective coefficient of diffusion, the homogenous surface 
diffusion model (Equation 3-4; Yoshioka 1985) was applied to the observed kinetics of 
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arsenate adsorption on iron oxide-coated fiberglass material. This model (Equation 3-4) 
was developed for an infinitely long fiber with a radius of effR  for constant surface 
diffusion during arsenate adsorption on iron oxide-coated fiberglass (Yoshioka 1985; 
Vatutsina et al. 2007).  








∂
∂
+
∂
∂
=
∂
∂
r
C
rr
CD
t
C
eff
1
2
2
                                                                                                   (3-4) 
where C  is arsenic concentration at time t and r is the radial coordinate of the fiber, 
and effD is the effective coefficient of diffusion. The effective coefficient of diffusion for 
coated fiberglass was calculated using the Equation 3-5 ( effD : 3.5 ×10-11 cm2/s), which 
was derived for 50% arsenic removal (Yoshioka 1985; Vatutsina et al. 2007).  
5.0
2065.0
t
RD effeff =                                                                                                  (3-5)                                
where 5.0t  is the 50% arsenic removal time. Using an effective radius ( effR ) of 5 μm for 
coated fiberglass fibers (Fig. 2-4) and 50% arsenate removal (t0.5) of 0.13 h from the 
batch kinetic study, the effective coefficient of diffusion for coated fiberglass fibers was 
calculated to be 3.5 ×10-11 cm2/s. The effective coefficient of diffusion of arsenate ions on 
coated fiberglass fibers ( effD : 3.5 ×10-11 cm2/s) was observed to be smaller than that of 
granular ferric hydroxide (6.4 × 10-11 cm2/s; Badruzzaman et al. 2004) and two to three 
orders of magnitude smaller than that of other arsenate adsorbents, such as resin (160 × 
10-11 cm2/s; Greenleaf et al. 2006) and hybrid (inorganic/polymer) fibers (1800×10-11 
cm2/s; Vatutsina et al. 2007), indicating that the iron oxide-coated fiberglass offers higher 
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intra-particle resistance to arsenate ions during adsorption study when mass-transfer is 
limited by intra-particle diffusion.   
In general, arsenate mass-transfer on coated fiberglass fibers appears to be limited 
initially by external mass-transfer resistance and subsequently by intraparticle mass-
transfer, as indicated by the good fit of the Weber & Morris model to the data after the 
first 2 hours of the study. Intraparticle surface diffusion, which involves surface and/or 
pore diffusion, has been observed to be a rate-limiting step for adsorption of different 
metals, such as strontium, cadmium, zinc, and nickel on hydrous amorphous iron, 
aluminum, and manganese (surface diffusivities: 10-16 to 10-12 cm2/s; Axe and Trivedi 
2002).
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Figure 3-8: Arsenate Adsorption Isotherms of Iron Oxide-coated Fibrous 
Adsorbents (Synthetic El Paso groundwater spiked with 1000 μg/L As (V), pH 7.6, 
sorbent concentration: 2.5-10g/L, Equilibrium time: 24 h): (a) Remaining Aqueous 
Arsenic Range: 0-600 μg/L, (b) Expanded View for the Remaining Aqueous Arsenic 
Range: 0-80 μg/L. 
Cell25- cellulose sponge coated using coating conditions (0.25M Fe, pH 1.3, 25°C), FGI110- fiberglass 
insulation coated using coating conditions (0.25M Fe, pH 1.3, 110°C), PETf25-polyester fiber coated  using 
coating conditions (2.5M Fe, pH 8.53, 25°C), PPm25-polypropylene mat coated using coating conditions 
(0.25M Fe, pH 7, 25°C), Sand110- sand coated using coating conditions (0.25M Fe, pH 7, 110°C), 
Freundlich Cell 25- Freundlich adsorption model for Cell25, Freundlich FGI 110- Freundlich adsorption 
model for  FGI110,  Freundlich Sand 110- Freundlich adsorption model for Sand110, Freundlich PETf25-  
Freundlich adsorption model forPETf25, Langmuir PPm25- Langmuir adsorption model for PPm25. 
 
Fig. 3-8b is plotted on semi-log plot with y-axis on logarithmic scale. 
The larger error bars on data show maximum 10% analytical error (range of the analytical error: 5-10%) 
and smaller error bars on model shows one standard deviation of residual from modeled results. 
  
85 
3.3.3 Equilibrium Arsenate Adsorption Capacity of Iron Oxide-coated Fibers 
Different materials used in the equilibrium studies are presented in Table 3-1. The 
materials and coating conditions were selected based on the results of the initial screening 
experiments. Fig. 3-8 shows the adsorption isotherms for various iron oxide-based 
materials in the presence of realistic levels of co-solutes. Arsenate adsorption was 
modeled using the non-linear forms of the Langmuir and Freundlich models (Zeng 2004). 
The Freundlich model provided a better fit to the data for coated sand (R2 = 0.94 and 0.98 
for sand coated at 110°C and 25°C, respectively) than the Langmuir model (Table 3-4). 
Both Langmuir and Freundlich models described well the arsenate adsorption on FGI110 
fibers, cellulose sponge (coating conditions: 0.25M Fecoating, 1.3 pHcoating, 25°C tempcoating; 
Cell25, hereafter), and polypropylene mat (coating conditions: 0.25M Fecoating, 7 pHcoating, 
25°C tempcoating; PPm25, hereafter) fibers (R2 > 0.97) (Table 3-4). The arsenate adsorption 
on polyester fiber (coating conditions: 2.5M Fecoating, 8.53 pHcoating, 25°C tempcoating; 
PETf25, hereafter) could not be modeled well using either of the models (R2 < 0.50), an 
indication that performance of these materials was not consistent.  A comparison of 
variance of residuals of these models performed using F-tests for each adsorbent found 
no significant difference in variances for a 0.05 level test indicating that one model 
cannot be definitely established as superior to the other (Table 3-5). The Freundlich 
model was chosen for the adsorbents considered here, because it allows for a range of 
different association constants between the solute and the adsorbent, rather than the 
single association constant assumed by the Langmuir model. These materials are likely a 
mixture of different iron oxide species (akaganeite, goethite, etc.), which would be 
expected to have somewhat different association constants.   
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Table 3-4: Estimated Parameters of Different Arsenate Adsorption Isotherm 
Models (Synthetic El Paso groundwater spiked with 1,000 μg/L As (V), pH 7.6, 24 
hours equilibrium time, sorbent concentration: 2.5-10g/L, Ceq range: 0-500 μg/L 
As(V)).  
Parameters Sand25 Sand110 FGI110 Cell25 PPm25 PETf25 
Langmuir 
b- L/mg 0.0178 3.204 2.998 1.891 14.97 65.18 
Qm - mg/g 5.999 0.0438 1.875 6.36 0.3589 0.1175 
r1 (C0= 1,000 μg As/L) 0.983 0.238 0.250 0.346 0.063 0.015 
R2 0.9675 0.9061 0.9773 0.9955 0.9937 0.2807 
Qeq |Ceq = 20 μg/L - μg/g   2.14 2.64 106 232 83 66 
Freundlich 
Kf -mg/g mg1/n /L1/n 0.1267 0.0466 2.307 7.465 0.4667 0.1291 
nf 0.85 1.53 1.33 1.12 2.7 8.36 
R2 0.9794 0.9376 0.9780 0.9944 0.9680 0.3330 
Qeq |Ceq = 20 μg/L - μg/g  1.27 3.63 123 227 110 81 
Cell25- cellulose sponge coated using coating conditions (0.25M Fe, pH 1.3, 25°C), FGI110- fiberglass 
insulation coated using coating conditions (0.25M Fe, pH 1.3, 110°C), PETf25-polyester fiber coated  using 
coating conditions (2.5M Fe, pH 8.53,  25°C), PPm25-polypropylene mat coated using coating conditions 
(0.25M Fe, pH 7, 25°C), Sand25- sand coated using coating conditions (0.25M Fe, pH 7, 25°C), Sand110- 
sand coated using coating conditions (0.25M Fe, pH 7, 110°C) 
 
b- Langmuir constant, C0-initial arsenic concentration, Ceq –equilibrium aqueous arsenic concentration, Kf-
adsorption density, nf-adsorption intensity, Qeq-equilibrium arsenic adsorption capacity, Qm-maximum 
adsorption density, R2-coefficient of determination, r1-separation factor 
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Table 3-5: Statistical Comparison of Different Isotherm Models  
Parameters Sand25 Sand110 FGI110 Cell25 PPm25 PETf25 
Langmuir 
Error sum of 
squares (SSE) 
 
4.92×10-5 2.24×10-5 6.93×10-3 7.54×10-3 8.99×10-5 6.08×10-4 
 
No. of samples 
(N2) 
 
5 4 5 5 3 3 
 
No. of 
parameters (Np) 
 
2 2 2 2 2 2 
 
Variance of 
residual (σ2 = 
SSE/(N-Np)) 
 
1.64×10-5 1.12×10-4 2.31×10-3 2.51×10-3 8.99×10-5 6.08×10-4 
Standard 
deviation of 
residual (σ) 
4.05×10-3 1.06×10-2 4.81×10-2 5.01×10-2 9.48 ×10-3 2.47×10-2 
Freundlich 
Error sum of 
squares (SSE) 
 
3.12×10-5 1.49×10-5 9.49×10-3 9.49×10-3 4.21×10-4 5.64×10-4 
 
No. of samples 
(N2) 
 
5 4 5 5 3 3 
 
No. of 
parameters (Np) 
 
2 2 2 2 2 2 
 
Variance of 
residual (σ2 = 
SSE/(N-Np)) 
 
1.04×10-5 7.45×10-6 3.16×10-3 3.16×10-3 4.21×10-4 6.00×10-4 
 
Standard 
deviation of 
residual 
 
3.22×10-3 2.73×10-3 5.62×10-2 5.62×10-2 2.05×10-2 2.45×10-2 
F-ratio 0.63 0.07 1.37 1.26 4.68 1.00 
F-critical* 9.28 19 9.28 9.28 161.45 161.45 
Decision Equivalent 
models 
Equivalent 
models 
Equivalent 
models 
Equivalent 
models 
Equivalent 
models 
Equivalent 
models 
*For a 0.05 level test. 
Cell25- cellulose sponge coated using coating conditions (0.25M Fe, pH 1.3, 25°C), FGI110- fiberglass 
insulation coated using coating conditions (0.25M Fe, pH 1.3, 110°C), PETf25-polyester fiber coated  using 
coating conditions (2.5M Fe, pH 8.53,  25°C), PPm25-polypropylene mat coated using coating conditions 
(0.25M Fe, pH 7, 25°C), Sand25- sand coated using coating conditions (0.25M Fe, pH 7, 25°C), Sand110- 
sand coated using coating conditions (0.25M Fe, pH 7, 110°C) 
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Fiberglass achieves a much higher arsenic adsorption density than sand 
(Freundlich Kf value of 2.3 mg/g media versus 0.13 mg/g media for sand), which is only 
partially explained by the higher iron retention of the fiberglass (Tables 3-1 and 3-4). 
When normalized for iron, the fiberglass media still has four times the arsenic adsorption 
density than sand (2.6×10-3 versus 10.4×10-3 mg As/g Fe). This study does not provide an 
explanation for this advantage, although one can speculate that the coating on the sand 
may be thicker and that, therefore, some of the coating is not accessible to the bulk 
solution. The arsenic adsorption densities for polypropylene and polyester are well below 
fiberglass, although they are somewhat higher than sand (Table 3-1). These two materials 
are coated at room temperature which results in a relative small mass of iron retained 
(Table 3-1), but tends to produce an amorphous iron oxide precipitate (ferrihydrite) 
which has a higher affinity for arsenic (Schwertmann and Cornell 2000). While 
polypropylene and polyester have high arsenate adsorption densities (Freundlich Kf 
values) per unit iron retained, overall performance is mediocre at best due to relatively 
low iron retention.  
 Table 3-6 shows the effect of co-solutes on arsenate adsorption for the FGI110 
fibers by comparing remaining equilibrium arsenic concentrations in batch experiments, 
conducted by contacting the fibers with de-ionized water, synthetic El Paso groundwater, 
and actual El Paso groundwater spiked with 1,000 μg/L As(V). No major differences in 
average remaining arsenate concentrations were observed among the water systems at the 
concentrations of interest for U.S. groundwater (20-50 μg/L As(V)). However, at higher 
concentrations, the average remaining arsenic concentration for synthetic El Paso water 
system was observed to be higher than the pure water system. Equilibrium chemistry 
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models indicate that adsorption densities do not vary greatly between distilled water and 
El Paso groundwater, as competitive effects of anions are roughly balanced by 
cooperative effects of cations. The equilibrium modeling indicated that arsenic would not 
be expected to precipitate with any of the ions present in the solution as aqueous phase 
concentrations of all possible species were below their solubility products (See Appendix 
E). These results confirm that at low arsenic concentrations, sorption densities in the 
synthetic El Paso water match those of actual El Paso groundwater closely. At higher 
arsenic concentrations, the performance observed in this study may be lower than would 
be found in actual El Paso groundwater. 
 
 
 
Table 3-6: Effects of Co-solutes on Arsenate Adsorption Kinetics of Coated 
Fiberglass Fibers (Coating Conditions: 110°C tempcoating, 0.25 M Fecoating, 1.3 
pHcoating; Adsorption Conditions: pH 7.6, 24 hour equilibrium time, Initial arsenic: 
1,000 μg/L, duplicate observations)  
Sorbent 
Concentration  
(g/L) 
Solution Type 
De-ionized 
Water*† 
Synthetic 
Groundwater 
El Paso 
Groundwater 
1.0 126 (76, 176) 232 (192, 271) 37 (12, 51) 
2.5 42 (26, 58) 72 (43, 101) 35 (22, 48) 
5.0 43 (27, 59) 29 (19, 38) 19 (12, 25) 
7.5 15 (12, 18) 24 (22, 26) 19 (10, 25) 
10.0 24 (22, 25) 10 (10, 10) 13 (12, 14) 
* All values are in μg As/L,  
†Average value (minimum, maximum value) 
 
 
 
Fig. 3-9 shows the increase in arsenate adsorption density of FGI110 fibers with 
the increase in iron loading (i.e., initial iron concentration used for coating: 0.05 to 2.5M 
Fecoating). No significant increase in sorption density (difference < 3%) was observed for 
initial iron concentrations above 0.25M Fecoating. It appears that using initial iron 
concentrations higher than 0.25M Fe results in a thicker coating but does not create 
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additional adsorption sites. As a result, the arsenate adsorption densities of these coated 
fibers are comparable to those developed using 0.25M Fecoating.   
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Figure 3-9: Effect of Initial Iron Concentration used for Coating on the Arsenate 
Adsorption Capacity of Iron Oxide-coated Fiberglass Fibers (Coating Conditions: 
110°C tempcoating, 1.3 pHcoating; Adsorption Conditions: Synthetic EP water spiked 
with 1,000 μg/L As(V), pH 7.6, 24h equilibrium time)  
Error bars show 10% analytical error (analytical error estimated as: 5-10%) 
 
 
 
Solid–phase arsenate adsorption concentrations, calculated for an aqueous phase 
arsenate concentration of 20μg/L As(V) using the Freundlich model, were used to 
compare the performance of these adsorbents at an arsenate concentration that is realistic 
for U.S. groundwater (most water supplies that exceed 10μ/L are in the range of 10-
30μg/L, Gurian et al. 2001). The highest arsenate adsorption concentration was achieved 
by coated cellulose (0.23 mg As/g media) followed by coated fiberglass (0.12 mg As/g 
media for FGI110) and polypropylene (0.11 mg As/g media for PPm25), all of which are 
markedly higher than coated sand (0.001-0.004 mg As/g media). Arsenate adsorption 
concentrations on the fibrous materials developed here are lower than values of 3 mg/g 
reported for hybrid organic-inorganic fibers (Vatutsina et al. 2007) and 1-6 mg/g for 
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metal hydroxide media (CH2MHill 2004; Driehaus et al. 1998). The arsenate adsorption 
concentrations of Cell25 and FGI110 fibers were markedly higher than the value of 0.02 
mg As/g for bead cellulose iron oxyhydroxide (Guo and Chen 2005) and 0.01 mg As/g 
for ferruginous ore (Chakravarty et al. 2002). Table 3-7 provides a more detailed 
comparison of these results with previous studies. 
Cellulose showed the best performance of any of the materials considered in this 
study. However, in order to treat large quantities of water for arsenic, adsorbents should 
be stable when used in continuous-flow column operations for time periods of months. 
Cellulose is biodegradable and may degrade during column operation. On the other hand, 
fiberglass is not biodegradable, which may be an advantage for drinking water 
applications, and, thus, was selected for evaluation in a column study. 
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Table 3-7: Performance Comparison of Iron Oxide-coated Fibers with Other 
Arsenic Adsorbents (Sorption density is calculated for 20 μg/L equilibrium As(V) 
concentrations) 
Reference Media pH Sorption 
Conc. 
mg As/g 
BVs 
treated 
Basis 
Pena et al. (2005) Nanocrystalline TiO2 7.0 8.25 NL IP 
 
CH2MHill (2004) Small SORB 33 6.8 6.22 135,000 MB 
 
Zeng (2004) Iron(III) Oxide/Silica 6.5 4.04 NL IP 
 
Vatutsina et al. (2007) FIBAN-As 7.2 2.8 8,200 MB 
 
CH2M Hill (2004) GFH 6.8 2.05 110,000 MB 
 
Driehaus et al. (1998) GFH 7.8 1.4 37,000 Table 1 
 
Deliyanni et al. (2003) Akaganeite-
Nanocrystal 
 
7.5 1.18 NL IP 
Chen et al. (2007) Iron oxide-coated 
activated carbon 
 
7.6-8.0 0.69 14,500 MB 
Lackovic et al. (2000) Zero-Valent Iron 
 
6.3 0.67 740 p. 32 
Gimenez et al. (2007) Natural Goethite 
 
6.5-7.5 0.45 NL IP 
Su and Puls (2003) Zero-valent iron 
 
6.0-6.5 0.36 320 p. 2584 
Murugesan et al. 
(2006) 
Iron Chloride Tea 
Fungal Biomass 
 
7.2 0.3 NL IP 
This Study Cell25 
 
7.6 0.23 NL IP 
This Study FGI110 
 
7.6 0.12 NL IP 
Joshi and Chaudhuri 
(1996) 
IOCS 
 
7.5-7.8 0.1 150 MB 
Vaishya and Gupta 
(2003) 
IOCS 
 
7.2-7.4 0.09 125 MB 
Thirunavukkarasu et 
al. (2003a) 
IOCS 
 
7.6 0.03 1,000 Fig. 1 
Benjamin et al. (1996) IOCS 
 
8.0 0.02 600 Fig. 8 
Guo and Chen (2005) Cellulose 
 
7.0 0.02 NL IP 
Chakravarty et al. 
(2002) 
Ferruginous Ore 6.5 0.01 NL IP 
BV-bed volumes, Cell25- cellulose sponge coated using coating conditions (0.25M Fe, pH 1.3, 25°C), 
GFH-Granular Ferric Hydroxide, FGI110-fiberglass insulation coated using coating conditions (0.25M Fe, 
pH 1.3, 110°C), IOCS-Iron oxide-coated sand, IP-Isotherm parameters, MB-Mass balance, NL-Not listed, 
NA-Not available  
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3.3.4. Breakthrough Arsenate Adsorption Capacity of Iron Oxide-Coated Fiberglass 
Fibers 
In initial column studies with fiberglass fibers coated using 0.25M Fecoating and 
2.5M Fecoating iron concentrations at 1.3 pHcoating and 110°C tempcoating, which investigated 
the iron retention effectiveness of coated fiberglass fibers at typical treatment flows (i.e., 
25 mL/min), the aqueous-phase iron concentrations of 86-160 mg/L was observed to 
exceed the secondary standard for iron, i.e., 0.3 mg/L (USEPA 2006). The release of 
aqueous-phase iron concentration was higher from iron oxide-coated fiberglass prepared 
using 2.5M Fecoating initial iron concentration than that prepared using 0.25M Fecoating 
initial iron concentration, as the former had a higher iron loading than the latter (438 mg 
Fe/g versus 231 mg Fe/g media). While the 0.3 mg/L standard for iron (USEPA 2006) is 
a secondary MCL (i.e., a non-health-based guideline value that is not enforced), any 
treatment process intended for drinking water should be able to meet this standard.  
Because the fibers had already been washed, this release of iron during the column 
experiments was not anticipated. Nevertheless, it does not preclude the use of the fibers 
in water treatment if the loss of iron is partial and is limited to the initial period of column 
operation, such that it could be undertaken as the concluding step of media preparation. 
With this in mind, the effect of an initial high flow washing step on the retention of iron 
on FGI110 fibers was examined by passing 100 bed volumes (BVs) of de-ionized water 
through the column at a flow rate of 50 mL/min, followed by an additional 100 BVs of 
de-ionized water at a flow rate of 25 mL/min (two-step washing, hereafter). A significant 
release of iron was observed for the first 25 BVs of washing experiment (Fig. 3-10). The 
aqueous iron concentrations decreased continuously and reached a level below 0.3 mg 
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Fe/L after passing an additional 25 BVs of de-ionized water in the two-step washing 
experiments (initial iron loading: 231 mg/g media, total iron lost during washing: 40%, 
remaining average iron loading: 138 mg/g media). During two-step washing of FGI110 
fibers, the pH of the treated water varied between 1.9 to 2.6 pH units for the first 25 BVs 
of de-ionized water passed at 50 mL/min flow rate (i.e., within 1.3 hours of the column 
operation) and then varied between 4.6 to 5.6 pH units for the remaining part of the 
experiment (for an additional 175 BVs of water passed).  
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Figure 3-10:  Iron Retention Study of Coated Fiberglass Fibers in Column 
Experiments   
Semi-log plot with y-axis on logarithmic scale 
EPA-Environmental Protection Agency, FGI110-Two step- two step washing of fiberglass insulation 
coated using coating conditions (0.25M Fe, pH 1.3, 110°C), FGI110_7d-Single-step-single step washing of 
fiberglass insulation coated using coating conditions (0.25M Fe, pH 1.3, 110°C with 7 days drying period),  
Error bars show 10% analytical error (estimated range of the analytical error: 5-10%)  
 
 
 
An alternate strategy of heating the coated fiberglass at 110°C for a full week, 
rather than the 24-hour drying time used previously (coating conditions: 0.25M Fecoating, 
1.3 pHcoating) (this media is referred to as FGI110_7d , hereafter), was also assessed. This 
dramatically reduced the loss of iron (Fig. 3-10). After 15 BVs, the aqueous iron 
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concentration of the treated water conformed to the EPA secondary standard for iron 
(initial iron loading: 270 mg/g media, total iron lost: 1.5%, remaining average iron 
loading: 266 mg/g media). The greater iron loss observed during two-step washing of 
FGI110 could be attributed to the application of higher shear force on media during 
washing compared to the single-step washing of FGI110_7d media. In addition, the 
extended heat treatment used in the preparation of FGI110_7d media may have resulted 
in stronger chemical bonding between the iron and silica (Zeng 2003; Benjamin et al. 
1996). 
Fig. 3-11 shows the breakthrough curves of arsenic in the column treated water 
for FGI110 and FGI110_7d fibers from middle and exit ports of the column. Iron oxide-
coated fiberglass, prepared using higher initial iron concentration, 2.5M Fecoating at 110°C 
tempcoating, and 1.3 pHcoating, was also studied for arsenic removal effectiveness in column 
experiments, and its breakthrough arsenic curve is also shown in Fig. 3-11. The pH of the 
treated water varied between 5-6 pH units, lower than the influent pH of 7.6, which could 
be attributed to the release of H+ ions during hydrolytic reactions or ligand-exchange 
between surface iron oxide sites and metal ions in the solution (Dzombak and Morel 
1990; Benjamin et al. 1996; Lo et al. 1997). Breakthrough occurs for the FGI110_7d 
column at between 290 and 450 BVs with saturation reached around 550 BVs (Fig. 3-
11b). For the FGI110 column, no breakthrough was observed before 205 BVs (Fig. 3-
11b). No arsenic breakthrough was observed in the case of FGI110_2.5M column till 500 
BVs, probably due to high initial iron loading on fibers (Fig. 3-11b). In general the 
arsenic concentrations from the three columns matched fairly well, both in the treated 
water (note points at 100 and 200 BVs in Fig. 3-11a) and at the column midpoint (Fig. 3-
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11b). Had the FGI110 column been run longer, one might expect that breakthrough 
would have been similar to that observed for the FGI110_7d column. In previous 
research on iron oxide-coated sand, Joshi and Chaudhuri (1996) and Vaishya and Gupta 
(2003) reported breakthrough at 150 BVs and 125 BVs, respectively, when treating an 
influent of 1,000 µg/L arsenic. The column studies conducted here exceeded those run 
lengths, indicating that iron oxide-coated fiberglass may offer advantages over iron 
oxide-coated sand.  
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Figure 3-11: Aqueous Arsenic Concentration in Treated Water from (a) Middle 
port, (b) Exit-port of the Column (Empty Bed Contact Time: 6 minutes, Synthetic 
El Paso Groundwater spiked with 1,000 μg/L As(V), pH 7.6) 
Semi-log plot with y-axis on logarithmic scale. Error bars show 10% analytical error.  
Breakthrough- Conditions corresponding to 20 μg/L As(V) remaining aqueous phase arsenic, FGI110-
fiberglass insulation coated using coating conditions (0.25M Fe, pH 1.3, 110°C), FGI110_7d- fiberglass 
insulation coated using coating conditions (0.25M Fe, pH 1.3, 110°C with 7 days drying period), 
FGI110_2.5M- fiberglass insulation coated using coating conditions (2.5M Fe, pH 1.3, 110°C),  
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After the completion of arsenic adsorption study by FGI110 fibers, the solid-
phase arsenate loadings were determined at different sections of the column to study the 
effects of channeling and progression of mass-transfer zone on solid-phase arsenate 
loading. Difference in solid-phase arsenate loadings, obtained at centre-line (0.46 mg 
As/g media or 2 mg As/g Fe) and at one-radial distance (3.6 mg As/g media or 15 mg 
As/g Fe) indicated the effect of channeling at the entrance of the column. A decrease in 
solid-phase arsenate loadings (from 0.46 mg As/g media at the entrance section to 0.005 
mg As/g media at the exit section), was observed along the length of column indicating 
that the mass-transfer zone did not extend down the length of the column. This is a 
favorable result as the upstream media can then achieve high adsorption densities while 
the downstream portion of the column serves to polish the treated water. 
The arsenic breakthrough curve, developed from arsenic concentrations in treated 
water from the middle port, was used in calculating the arsenate adsorption concentration 
for fiberglass media. The middle port arsenic concentration was used because 
breakthrough to the treated water was not observed for the FGI110 and FGI110_2.5M 
columns. The mass of arsenate adsorbed was estimated based on a mass-balance on 
aqueous arsenic concentrations, and this mass of adsorbed arsenate was normalized with 
respect to amount of media packed in the column. The breakthrough arsenate adsorption 
capacity of these media varied from 0.44 mg As/g media (i.e., 1.9 mg As/g Fe) for 
FGI110 fibers to 0.74 mg As/g media (i.e., 1.7 mg As/g Fe) for FGI110_2.5M fibers.  
Longer runs (i.e., higher numbers of BVs of water passed before breakthrough) 
would be expected to obtain at lower arsenic concentrations found at U.S. public 
supplies. A rough estimate based on an influent arsenate concentration of 20μg/L and the 
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assumption that the equilibrium solid phase concentration of 0.13 mg As/g media found 
by the isotherm studies can be achieved indicates that approximately 2000 bed volumes 
could be treated. In contrast U.S. pilot study reports indicate that >100,000 BVs can be 
treated with metal hydroxide media (CH2MHill 2004; these run lengths were achieved 
with pH adjustment). It would be difficult for coated fiberglass to be economically 
competitive with the metal hydroxide media on a single-use basis. An alternative 
approach would be to regenerate the coated media. At least some of the microporous 
metal hydroxide media are vulnerable to decomposition under pressurized flow 
conditions (CH2MHill 2004), and they are usually not regenerated. Recent reports have 
investigated hybrid organic-inorganic fibers for arsenic removal, a strategy similar to the 
one proposed here. Run lengths of 8,200 BVs are reported by Vatutsina et al. (2007) 
using an influent arsenic concentration of 50µg/L. 
 
3.4 SUMMARY AND CONCLUSIONS 
The objective of the present research was to study the arsenic removal 
effectiveness of iron oxide-coated fibrous materials developed using fiberglass, 
polypropylene, polyester, and cellulose materials. The important results of this research 
work are summarized below: 
1. The iron oxide-coated fibers appear to have faster arsenate adsorption kinetics 
than iron oxide-coated sand.  More than 90% arsenate was removed from 
groundwater by all iron oxide-coated fibrous materials (sorption density: 0.0094-
0.0099 mg As/g media) as compared to the 80% removal by iron oxide-coated 
sand within first 12 hours of the experiment.  
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2. Iron oxide-coated fiberglass was observed to remove more than 50 % of the 
arsenate within 2 h of the kinetic experiment (sorption density: 0.065 mg As/g 
media), offering faster arsenate removal kinetics than some arsenic adsorbents. 
However, arsenate adsorption kinetics of these fibers is still slower than other 
fibrous arsenate adsorbents. The Elovich and the pseudo-second order kinetic 
models were observed to provide good fit to the adsorption kinetic data. Arsenate 
mass-transfer was observed to be limited by the external mass-transfer resistance 
initially and intra-particle mass-transfer resistance subsequently, which could be 
improved by introducing additional reactive sites on the fibers surface.  
3. The iron oxide-coated fibers had higher arsenate adsorption densities than iron 
oxide-coated sand, while the cellulose fibers had the highest arsenate adsorption 
density among all the fibers tested. The Freundlich model provided a better fit for 
arsenate adsorption on all coated fibers except polyester (coefficient of 
determination, R2 > 0.96). The arsenate adsorption on polyester fibers could not 
be modeled well using either of the models (R2 < 0.50), an indication that 
performance of these materials was not consistent.  
4. Markedly higher sorption densities of 0.13 and 0.23 mg As/g media for 20 μg/L 
aqueous phase arsenic concentration at equilibrium were obtained for FGI110  
and Cell25, suggesting that these novel materials may offer advantages over 
Sand25. In order to treat large quantities of water for arsenic, arsenic adsorbents 
should be stable in continuous-flow column operations. The Cell25 fibers contain 
biodegradable materials, such as cellulose, and thus they may become unstable in 
column operations. However, further experiments are warranted to study the 
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stability of Cell25 fibers. FGI110 fibers were chosen as the first material to 
evaluate in column studies, because they promised to be more stable over long 
periods. 
5. The increase in iron loading from 206 mg Fe/g media to 438 mg Fe/g media on 
fiberglass insulation fibers did not significantly improve the arsenate adsorption 
capacity (difference < 3% at the arsenate concentrations studied here).  
6. No major differences in remaining average arsenate concentrations on iron oxide-
coated fiberglass was observed between de-ionized and El Paso water systems 
and de-ionized and synthetic El Paso water systems at the concentrations of 
interest for U.S. groundwater (i.e., 20-50 μg/L As(V)). At higher concentrations, 
the removals, observed here using synthetic El Paso ground water, may be lower 
than would be found using actual El Paso ground water. 
7. During column studies, iron oxide-coated fiberglass was observed to release 
unacceptably high levels of iron into the water. Alternative coating (for example, 
extended heat application) and washing procedures (for example, a two-step 
washing procedure) have been observed to reduce iron loss to levels below the 
secondary standard for iron, i.e., 0.3 mg/L. 
8. Arsenic adsorption breakthrough was observed to occur between 290 and 450 
BVs for the FGI110_7d fibers with saturation reached around 550 BVs. No 
breakthrough was observed for the FGI110 and FGI110_2.5M fibers before 205 
BVs and 500 BVs, respectively. The breakthrough arsenate adsorption capacities 
of these media varied from 0.44 mg As/g media (i.e., 1.9 mg As/g Fe) for FGI110 
fibers to 0.74 mg As/g media (i.e., 1.7 mg As/g Fe) for FGI110_2.5M fibers.  
  
101 
This study compared four iron oxide-coated fibrous materials and sand for their 
arsenic removal effectiveness. Iron oxide-coated cellulose showed the highest arsenate 
adsorption concentration of the materials evaluated here, despite retaining less iron than 
the fiberglass, probably due to a large variety of arsenic bonding functional groups 
(carboxylic acids, etc.). Cellulose is biodegradable but may be stable in applications 
where biological activity is limited by low nutrient or dissolved oxygen levels. Fiberglass 
achieved the second highest arsenate adsorption concentration and has the advantage of 
not being subject to biological degradation. Polyester and polypropylene retained 
somewhat more iron than sand but appear inferior to fiberglass based on this study. The 
materials considered here all have lower arsenate adsorption densities than commercially 
available microporous metal hydroxide media. Further research has the potential to 
improve the performance of these materials. 
Arsenic removal effectiveness of any adsorbent in packed-bed system depends on 
the adsorbent’s arsenic adsorption capacity, kinetics and mass-transfer resistance and 
pressure drop developed during the adsorption process. As a prospective iron oxide-
coated fibrous adsorbent for arsenic removal, fiberglass fibers appear to offer faster 
arsenate removal kinetics than iron oxide impregnated sand, however, these fibers appear 
to have slower arsenate  removal kinetics than hybrid (polymer/inorganic) fibrous 
adsorbents. Arsenate mass-transfer of these fibers appear to be limited by the external 
mass-transfer resistance initially and intra-particle mass-transfer resistance subsequently 
as indicated by the relatively smaller external mass-transfer resistance and intraparticle 
mass-transfer resistance constants. Surface morphology of these fibers indicates that the 
coating is irregular, and some leaching of iron was observed during column experiments. 
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Pre-treatment methods may improve the affinity of the fiberglass for the iron oxide and 
thereby improve media performance. Further research to improve the uniformity and 
durability of the coating is warranted.  
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CHAPTER 4.  EFFECTS OF SOLUTION CONDITIONS ON PHASE 
TRANSFORMATION OF IRON OXIDE MEDIA 
 
 
4.0 ABSTRACT  
The objectives of this research work were to understand the combined effects of 
pH, ion types, and aging time on phase transformation of an iron oxide-based media. 
Batch studies were conducted using a granular iron hydroxide media and combined 
effects of time, pH, and ions were studied by observing changes in mineralogy of media 
and extent of crystallinity (i.e., acid-extractable iron fractions) of iron oxide media. No 
major iron oxide phase change was observed during the aging studies and arsenic and 
other ions were not observed to be introduced in the XRD spectra of different iron oxide 
samples. Initial solution pH and aging time appear to be the significant factors affecting 
the extent of crystallization of different iron oxide samples, and the extent of crystallinity 
was observed to increase with aging time and low solution pH. This interaction was also 
observed to be significant for samples, aged in the presence of arsenic ions. The extent of 
crystallization of iron oxide was observed to decrease for samples, aged in the presence 
of 0.3 mg/L ferrous iron ions and increase during the intermediate pH adjustment studies. 
The extent of the crystallization of iron oxide media appears to be reduced by lowering 
the solution pH and reducing the contact time. Further research work is required to 
develop a detailed understanding of the effects of these factors on the crystalline structure 
of the iron oxide media using different concentrations of ferrous iron and arsenic ions at 
near-neutral solution pH at room temperature for longer periods (i.e., > 1 years) to 
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observe any significant structural changes, and their influence on the overall adsorptive 
capacity of the crystalline iron oxide media.  
 
Keywords: Arsenic, Crystallinity, Granular iron hydroxide, Media aging, Phase 
transformation 
 
4.1 INTRODUCTION  
Iron oxide-based media used in water treatment may have different iron oxide 
phases, such as amorphous iron oxide, ferrihydrite, akaganeite, goethite, hematite, etc. 
depending on preparation methods and conditions used (i.e., time, temperature, solution 
pH, and ions present in solution during transformation process) and possess different 
arsenic adsorptive capacities (Schwertmann and Cornell 2000). Amorphous iron oxide 
possesses higher arsenic adsorption capacity than other iron oxide phases (Fuller et al. 
1993; Waychunas et al. 1993; Schwertmann and Cornell 2000). Arsenic forms surface 
complexes with amorphous and partly crystalline iron oxide surfaces and remains 
adsorbed on it until the surface area becomes too small to adsorb all arsenate ions 
(Pedersen et al. 2006). Additional arsenic removal has also been observed through the 
route of structural incorporation of ions during phase transformation (Ford et al. 1997; 
Ford 2002; Jang et al. 2003; Pedersen et al. 2006). 
Iron oxide-based media is continuously exposed to different ions for long 
durations during treatment of groundwater for arsenic. Granular iron hydroxide (GIH) 
media, for example, has been reported to be used for arsenic removal for more than 1.5 
years of operation without any regeneration (Driehaus 2002). Continuous exposure to 
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aqueous solution may influence the stability of iron oxide-based media and may interfere 
with its arsenic adsorptive capacity (Fuller et al. 1993; Waychunas et al. 1993; Pedersen 
et al. 2006; Schwertmann and Cornell 2000; Kumar et al. 2007b; Jang et al. 2003; Ford 
2002; Baltpurvins et al. 1996; Schwertmann and Murad 1983).  
4.1.1 Phase Transformation of Iron Oxide Media  
Different factors, such as ions present in water, solution pH, and temperature, 
influence the extent and rate of the transformation of iron oxide between different phases 
(Schwertmann and Cornell 2000). Anions and cations have been observed to influence 
phase transformation differently. Jang et al. (2003) observed the formation of different 
iron-oxide phases due to the presence of different anions. They observed the formation of 
goethite from hydrous ferric oxide (HFO) at room temperature in the presence of sulfate 
and nitrate within 5 days (20 mM Fe3+, 20 mM Fe2+, and either 20 mM SO42- or 20mM 
NO3-) compared to the formation of hematite in the presence of nitrate alone. They 
observed ferrous iron ions to significantly influence the phase transformation of HFO 
compared to other divalent ions, such as Cu2+ or Zn2+, at near neutral pH. Goethite reacts 
with ferrous iron ions to form magnetite, which has been reported to form in oxidizing as 
well as in reducing conditions. Baltpurvins et al. (1996) observed faster phase 
transformation in the presence of nitrate ions compared to other anions, such as chloride 
and sulfate, during a study of the combined effects of pH and anions on the aging of fresh 
iron (III) hydroxide sludges for 1 year at 20°C. They also noted the effect of solution pH 
on the rate and extent of phase transformation and observed that high pH was favorable 
for the development of crystalline iron oxide phases. No significant change in iron oxide 
phase has been reported for the shorter aging time. Siegel et al. (2007) did not observe 
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any change in the X-ray powder diffraction (XRD) patterns of the iron oxide media, aged 
for 9 to 11 weeks at 20 ºC or 37 ºC in the de-ionized water. 
During arsenic adsorption experiments, some studies have also reported the effect 
of arsenate ions on the rate and phase transformation of iron oxide. Ford (2002) observed 
the interference of arsenate ions on the phase transformation of HFO and noted that the 
rate of phase transformation was decreasing with increasing arsenate loading up to 8.4 
mg As/g HFO, and no transformation was observed at or above an arsenate solid loading 
of 29.5 mg As/g HFO.  However, Pedersen et al. (2006) did not observe any influence of 
arsenate ions on the crystallization rate of ferrihydrite. They found that the arsenate ions 
remained adsorbed to the surface of ferrihydrite and goethite until the surface area 
became too small to adsorb all the arsenate ions. 
During phase transformation, as iron oxide develops a more crystalline and 
ordered structure, its metal adsorptive capacity changes. Some studies have reported the 
effects of phase transformation on the arsenic adsorptive capacity of iron oxide media. 
Fuller et al. (1993) reported an 18 % reduction in the arsenate adsorption capacity of 
ferrihydrite (from 0.1 mol As/mol Fe to 0.082 mol As/mol Fe) over 5 days and attributed 
the reduction in adsorption sites to the crystalline growth. Waychunas et al. (1993) also 
reported a decrease in the arsenate adsorption capacity of aged ferrihydrite due to the 
crystallite growth and reduction in active surface sites. Ela et al. (2005) observed the 
leaching of iron (70%) and arsenic (75%) from a column packed with paper, arsenic 
treatment residuals, compost, and anaerobic digester sludge after 27 months and 
suggested that the dissolution of iron and reduction in surface area might have increased 
the arsenic leaching rate. These studies indicate that arsenic adsorptive capacity of iron 
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oxide media changes with time, and thus detailed study of the time-dependent arsenic 
adsorptive capacity of iron oxide media is warranted.  
4.1.2 Objectives of the Present Work 
Very few studies, so far, have focused on studying the combined effects of time, 
temperature, pH, and ion types on phase transformation of these iron oxide-based 
adsorbents, which is imperative to understand the fate of adsorbed arsenic with time. The 
objectives of this research work were to understand the combined effects of pH, ion 
types, and aging time on phase transformation of an iron oxide-based media. Batch 
studies were conducted using a granular iron hydroxide media, and combined effects of 
time, pH, and ions were studied by observing changes in mineralogy of media using the 
XRD technique (two mineralogical indicators: (1) Shifting of peaks, and (2) Peak-width), 
and extent of crystallinity (i.e., acid-extractable iron fractions) of iron oxide media. 
Shifting of peaks has been used indicate the possibility of structural incorporation of 
cations during the phase transformation process of ferrihydrite to goethite (Atkinson et al. 
1968) and is used to study the possibility of structural changes in different iron oxide 
samples. Full-width at half-maximum (FWHM) value of a peak indicates the extent of 
crystallinity associated with that peak and a change in the magnitude of FWHM indicates 
the change in the crystallinity of a sample due to the effects of experimental factors. 
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(a) (b) 
Figure 4-1: Granular Hydroxide Media: (a) GIH E33 Media, (b) GIH E33 in a 
bottle recator    
 
 
 
4.2 MATERIALS AND METHODS 
4.2.1 Materials 
All chemicals used were of reagent grade, and de-ionized water (milliQ water, 
18.2 µmho) was used to prepare solutions. Prior to use, all glassware and polyethylene 
bottles were washed in 10% nitric acid33 for 12 hours and rinsed with de-ionized water.  
Batch studies were conducted using a commercially available granular iron hydroxide 
media, Bayoxide E3334, for this study (GIH E33, hereafter; Fig. 4-1a) (85%-90% 
FeOOH, iron content: 534-566 mg Fe/g media; specific surface area = 120 – 200 m2/g) 
(Richard Dennis, personal communication, April 24, 2008; Stokes et al. 2007). HCl and 
NaOH (>98% purity)35 were used for pH adjustment. Sodium arsenate (>98% purity)36
                                                 
33 Fisher-Scientific, Pittusburgh, Pa.,U.S.A. 
34 Severn Trent Services, Fl, U.S.A. 
35 Fisher-Scientific, Pittusburgh, Pa.,U.S.A. 
36 Sigma-Aldrich, Milwaukee, Wis.,U.S.A. 
 
was used to prepare arsenic solutions. Industrial grade nitrogen gas from Airgas, Inc. was 
used to purge all solutions involving ferrous iron ions. Batch adsorption studies were 
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conducted in 125 mL serum bottles37 and all solutions were prepared in a GLOVE BAG 
inflatable glove chamber38
                                                 
37 Sigma-Aldrich, Milwaukee, Wis.,U.S.A. 
38 Glas-col, LLC, Terre Haute, IN.,U.S.A. 
, already purged with nitrogen gas. 
Water quality characteristics (Table 3-2) from an arsenic-bearing well in the 
southwestern U.S. (specifically El Paso Water Utilities Well # 303) were simulated as the 
Southwest has the highest percentage of systems that exceed the new MCL (Gurian et al, 
2001). Well #303 is located in El Paso Water Utilities’ Canutillo well field and draws 
from the intermediate stratum of the Santa Fe formation at a depth of 167 m, a portion of 
the aquifer with moderately reducing conditions (Marquez et al. 2005).  
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Table 4-1:  Experimental Design to Study the Effects of Factors on the Crystallinity 
and Arsenic Adsorptive Capacity of Different Iron Oxide Samples (10g/L GIH E33 
Media, Synthetic Groundwater)#  
ID 
Aging 
Time 
(days) 
Fe2+ 
Conc. 
(mg/L) 
pH0 
pH 
Adj.1 
As 
Presence 2 
Experiment 
Schedule+ 
1 0 0.0 6.0 0.0 0 5/22-6/6 
2 0 0.3 6.0 0.0 0 6/5-6/20 
3 0 0.0 8.0 0.0 0 5/25-6/9 
4 0 0.3 8.0 0.0 0 6/17-7/2 
5 0 0.0 6.0 3.0 0 5/22-6/6 
6 0 0.3 6.0 3.0 0 6/5-6/20 
7 0 0.0 8.0 3.0 0 5/25-6/9 
8 0 0.3 8.0 3.0 0 6/17-7/2 
9 90 0.0 6.0 0.0 1 6/18-9/16 
10 90 0.3 6.0 0.0 1 6/5-9/3 
11 90 0.0 8.0 0.0 1 6/18-9/16 
12 90 0.3 8.0 0.0 1 6/17-9/15 
13 90 0.0 6.0 0.0 0 5/9-8/7 
14 90 0.3 6.0 0.0 0 6/16-9/14 
15 90 0.0 8.0 0.0 0 5/9-8/7 
16 90 0.3 8.0 0.0 0 6/17-9/15 
17† 90 0.0 6.0 3.0 0 5/10-8/8 
18† 90 0.3 6.0 3.0 0 6/16-9/6 
19† 90 0.0 8.0 3.0 0 5/10-8/8 
20‡ 90 0.3 8.0 3.0 0 6/17-9/6 
21 180 0.0 6.0 0.0 1 6/18-12/16 
22 180 0.3 6.0 0.0 1 6/5-9/3 
23 180 0.0 8.0 0.0 1 6/18-12/16 
24 180 0.3 8.0 0.0 1 6/17-12/15 
25 180 0.0 6.0 0.0 0 5/9-11/5 
26† 180 0.3 6.0 0.0 0 6/16-12/12 
27 180 0.0 8.0 0.0 0 5/9-11/6 
28 180 0.3 8.0 0.0 0 6/17-12/15 
29† 180 0.0 6.0 3.0 0 5/10-9/6† 
30† 180 0.3 6.0 3.0 0 6/16-9/6† 
31† 180 0.0 8.0 3.0 0 5/10-9/6† 
32‡ 180 0.3 8.0 3.0 0 6/17-9/6‡ 
Note: #Fe2+/ Fe3+ = 47μmol/mol 
+ Year 2007 
1The initial solution pH was adjusted to pH 3 for 12 hours and then brought back to the initial solution pH 
2Indicator variable: 0 (no arsenic is present during the aging process and spent media is again exposed to synthetic 
groundwater containing 60mg/L arsenic for 15 days in batch equilibrium study) and 1 (60 mg/L arsenic present during 
the aging process) 
3Control experiments: media exposed to de-ionized water without any ions 
†Sacrificed, media loss (yellowish color) 
‡Sacrificed, no media loss 
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4.2.2 Methods 
4.2.2.1 Batch Adsorption Studies 
A 10g/L GIH E33 media was aged for 90 and 180 days in the presence of 
synthetic groundwater (water quality characteristics are given in Table 3-2). Batch studies 
were conducted in the presence of ferrous iron ions (0.3 mg/L) as it has been reported to 
catalyze dissolution and re-crystallization of iron oxide phases (Pedersen et al. 2006). 
Two pH levels, pH 6 and pH 8, were used in adsorption experiments as this pH range is 
optimal for removing both arsenite and arsenate ions from groundwater using iron oxide-
based media (Daus et al. 2004). Detailed experimental design is given in Table 4-1.  All 
solutions were purged with N2 for 1 h to avoid oxidizing any ferrous iron following the 
approach used in previous studies focused on studying the effects of ferrous iron ions on 
phase transformation of iron oxide (Pedersen et al. 2006; Jang et al. 2003; Cornell and 
Schindler 1987). To prepare reactors for batch studies, 125 mL serum bottles were filled 
with 1 g granular media and 100 mL solution in a glove bag, already purged with 
nitrogen gas (Fig. 4-1b). All serum bottles were sealed with crimps, and kept in the dark 
for the specified time period (i.e., aging time) at room temperature. The reactors 
containing arsenic solution samples were initially agitated on a shaker table for 15 days 
and subsequently kept in dark for the remaining period (Table 4-1). The solution pH was 
manually adjusted with HCl and NaOH weekly.  
 To study the effect of pH adjustment on arsenate adsorption capacity of the 
media, solution pH was adjusted to 3 for 12 hours and re-adjusted to the original solution 
pH for selected samples as per the experimental design given in Table 4-1. Remaining 
arsenate adsorption capacity of the GIH E33 media, partly spent during contact with 
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synthetic groundwater, was determined by contacting with a synthetic groundwater 
(Table 3-2) spiked with 60 mg/L As (V) (i.e., 0.8mM) for 15 days at pH 6 and pH 8. A 
fresh GIH E33 media was also studied under the same conditions. In addition, the 
granular media was also aged with de-ionized water for 90 and 180 days (Sample IDs: 33 
to 36) (Table 4-1). After the aging process, the arsenate adsorption capacity of media was 
determined in a batch adsorption study (15 days equilibrium time). For every aged and 
spent media, the solution pH was kept similar to the pH used in the aging studies.  
4.2.3 Analytical Methods 
4.2.3.1 Filtration 
Suspensions containing granular iron oxide samples were filtered immediately 
through a 0.2 μm pore size polycarbonate membrane filter39
Two different types of acid-digestion methods were used to determine acid-
soluble iron and total iron values of iron oxide samples. To determine acid-soluble iron 
content, a 0.1 g sample was extracted with 100 mL of 0.4 M HCl solution for 0.5 hours at 
room temperature (~22.5°C) (i.e., 1g/L solid concentration) (Cornell and Schneider 1989; 
. 
4.2.3.2 Sample Preservation  
Filtered aqueous samples were preserved using nitric acid at 4°C (pH <2) until 
arsenic analysis. Solid iron oxide samples were stored in a 30 mL bottle already purged 
with nitrogen gas for further analysis.  
4.2.3.3 pH Measurements 
pH values of different aqueous solutions were measured following the procedure 
described in the section 2.2.3.1. 
4.2.3.4 Iron Analysis 
                                                 
39Fisher-Scientific, Pittusburgh, Pa.,U.S.A. 
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Cornell et al. 1990; Ford et al. 1997; Paige et al. 1997). Total iron content of the GIH E33 
media was determined by dissolving 0.5 g GIH E33 media in 50 mL of 4 M HCl solution 
(i.e., 10g/L solid concentration) at 61°C for 2 h in an oven (Model 70M, Serial No: 9511-
101, Catalog No: 7/19/1986)40






−=
total
acid
cry Fe
FeI 1
 (Schwertmann and Cornell 2000; Cornell et al. 1990; 
Baltpurvins et al. 1996; Sun et al. 1995). Acid-soluble iron content was used to determine 
the crystalline iron fraction of the iron oxide media using the Equation 4-1.  
                                                                                    (4-1) 
where cryI is crystalline iron fraction of media, acidFe is acid-soluble iron content, and  
totalFe is total iron content of the GIH E33 media (Cornell and Schneider 1989).  
All acid-digested samples were analyzed for iron using a fast sequential flame 
atomic absorption spectrometer (AA240FS)41 at Drexel University. Operational 
parameters for iron analysis were: fuel type (acetylene gas), oxidant type (air), fuel flow 
rate (2 L/min), Lamp (Hollow cathode lamp), wavelength (248.3 nm), lamp current (9 
mA), and slit-width (0.2 nm). A six-point calibration curve was prepared using a 1000 
mg/L atomic absorption grade iron standard solution (1 wt% HCl)42
                                                 
40 Precision Scientific Inc. ,U.S.A. 
41 Varian Techtron Ply. Limited, Mulgrave, Victoria, Australia 
42 Aldrich Chemical Company, Inc., Milwaukee, Wis., U.S.A. 
. Samples were 
diluted appropriately to bring their iron concentrations within the range of 1-10 mg/L of 
the calibration curve using the de-ionized water. After the dilution, aqueous samples were 
analyzed using the flame atomic absorption spectrometer, and absorbance values were 
recorded. Iron concentration values were determined using the standard calibration curve 
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and used to determine acid-soluble and total iron contents, expressed as mg Fe/g, for the 
spent and fresh GIH E33 media, respectively. After every analysis, the burner head was 
cleaned by sequentially aspirating following solutions: (1) a 25 mL solution of 1% nitric 
acid, (2) a 25 mL solution of distilled water, (3) a 25 mL solution of 0.1% of Triton-
100X, and (4) a 25 mL solution of distilled water.  
4.2.4 Characterization 
4.2.4.1 Mineralogy 
 To study the mineralogy of raw and spent iron oxide media, XRD analysis was 
carried out using the Siemens D500 X-ray Powder Diffractometer (1500 W Cu fine focus 
tube, graphite receiving monochromator)43. Prior to determining mineralogy of the iron 
oxide media, the sample was washed, filtered, and then dried at room temperature for 48 
h following the method used in previous studies (Baltpurvins et al. 1996; Ford et al. 
1997; Ford 2002). Material was ground into fine powder using mortar and pestle, 
dispersed using acetone on a microscopic slide, and dried at room temperature before 
analysis. For some samples (sample IDs: 21-28, a goethite standard44 (α-Iron (III) 
hydroxide)) was mixed with powdered sample to prepare composite samples before 
obtaining their XRD spectra. Diffraction data of iron oxide samples were obtained for 2θ 
angle between 15° to 65° (radiation source: CuKα1 (wavelength: 1.5406 Ǻ), voltage (40 
kV), current (30 mA), method (step-scan), step size (0.02o 2θ), and dwell time (3 
seconds)). After obtaining the diffractograms, XRD data were analyzed using the Jade+ 
analysis software (version 7.1)45
                                                 
43 Centralized Research Facilities, Drexel University, Philadelphia, Pa., U.S.A. 
44 Alfa Aesar, Ward Hill, MA., U.S.A. 
45 Materials Data, Inc., Livermore, Ca.,U.S.A. 
. A detailed description of XRD data analysis is provided 
in Appendix H1. Background noise from the XRD spectra was removed by subtracting 
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the background peaks from the sample peaks. The FWHM values of different samples, 
generally used to indicate the extent of crystallinity of a mineral, were calculated using 
the Jade + software and corrected for the instrumental broadening. The instrumental 
broadening was addressed using the FWHM value obtained from the XRD spectrum of a 
goethite standard (XRD spectrum is shown in the Appendix H2). After the analysis of 
XRD data, different phases were determined using the computer-based library of the 
Joint Committee on Powder Diffraction Standards (JCPDS) and published literature. 
XRD spectra and phase identification of different iron oxide samples are presented in the 
Appendix H3. 
4.2.5 Mathematical Methods 
To understand the effects of different factors on the crystalline iron fractions of 
different iron oxide samples, estimates of contrasts and effects of different factors were 
calculated and an ANOVA analysis of different factors was conducted to determine 
different significant factors. The ANOVA analysis was performed using the SPSS 
software package (version 15.0 for Windows)46
                                                 
46 SPSS Inc., Chicago, Ill.U.S.A. 
 
 and significant factors were determined 
for a 0.05 level test (i.e., α = 0.05). The statistical significance of different factors was 
also determined by testing if their 95% confidence intervals include zero. Interactions 
between different factors were studied using the interaction plots developed using the 
SPSS software. Different linear regression models were developed to describe the 
dependence of crystalline iron fraction of media with different statistically significant 
factors. Detailed descriptions of the estimation of contrast and effect estimates and the 
ANOVA analysis are summarized in the Appendix C. 
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4.3 RESULTS AND DISCUSSION 
During the aging studies, the effects of different factors on solution pH, 
crystalline iron fractions, and mineralogy of iron oxide media were analyzed. Solution pH 
was monitored to study the changes in solution chemistry due to different experimental 
factors as it is one of the important parameters which governs the rate and extent of 
adsorption (Dzombak and Morel 1990) and phase transformation processes 
(Schwertmann and Cornell 2000). Crystalline iron fraction, calculated using Equation 4-
1, was used as an indicator to study the change in the extent of crystallization due to the 
effects of different experimental factors studied in this research (Table 4-1). Total iron 
content of the GIH E33 media was determined to be 592 mg/g (standard deviation = 32 
mg/g, number of replicates = 5) similar to that of Bayoxide E33 media (534-566 mg Fe/g 
media; Richard Dennis, personal communication, April 24, 2008). In addition, changes in 
the mineralogies of different samples were studied using two different indicators: (1) 
Full-width at half-maximum (FWHM) value, and (2) Shifting of peaks.  
The following sections discuss the effects of different factors on solution pH, 
crystalline iron fractions, and mineralogy of iron oxide media for two scenarios: (1) 
without pH adjustments (sample IDs: 1-4, 9-16, 21-25, and 27-28; Table 4-2) and (2) 
with pH adjustments (i.e., weekly exposure of sample to an acidic solution for 12 hours 
followed by their maintained-initial solution pH for a week; sample IDs: 5-8, 17-20, and 
29-32; Table 4-1). Some iron oxide samples, in the “with pH adjustments” scenario (i.e., 
sample IDs: 17-20, 26, and 29-32) were observed to disintegrate and thus, their aging 
studies were discontinued before their scheduled completions. These samples were not 
analyzed for crystalline iron fractions and mineralogical investigations but only for 
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solution pH. The disintegration of these samples could be attributed to the effect of a 
frequent acid-exposure, which might have resulted in the acidic-dissolution of the iron 
oxide surface. There is a possibility of a release of ferric iron ions from the media in the 
presence of 5.36 ×10-6 M ferrous iron ions (molar ratio of Fe2+/ Fe3+: 47 μmol/mol), 
which might have resulted in the disintegration of media (Pedersen et al. 2005; Cornell 
and Schneider 1989). Cornell et al. (1974) also observed the dissolution of goethite due to 
the acid-exposure (i.e., diffusion of protons within the goethite structures). During the 
study of the dissolution of goethite in the presence of hydrochloric acid, Cornell et al. 
(1976) suggested that chloride ion first forms surface complexes with iron sites on 
goethite surface and subsequently, favors the attack of hydrogen ions on the iron oxide 
surface or the iron-chloride complex by reducing the net positive surface charge and 
making the ferric iron ions more labile (i.e., increasing the probability of ferric iron ions 
to leave the surrounding lattice environment).  
 
 
 
  
118 
Table 4-2: Acid-soluble Iron Contents and Crystalline Iron Fractions of Different 
Iron Oxide Samples for the “without pH adjustments” Scenario 
ID 
Aging 
Time  
(days) 
Fe2+ 
Conc. 
(mg/L) 
pH0 As1 
Acid-
soluble 
Iron 
(A) 
(mg/g) 
Acid-
soluble 
Iron (B) 
(mg/g) 
Crystalline 
Fraction 
(A) 
Crystalline 
Fraction  
(B) 
1 0 0.0 6.0 0 2.3582 2.5338 0.9960 0.9957 
2 0 0.3 6.0 0 2.5152 3.2567 0.9958 0.9945 
3 0 0.0 8.0 0 2.3352 3.7169 0.9961 0.9937 
4 0 0.3 8.0 0 3.9677 2.6050 0.9933 0.9956 
9 90 0.0 6.0 1 1.5376 1.1406 0.9974 0.9981 
10 90 0.3 6.0 1 1.7983 1.3662 0.9970 0.9977 
11 90 0.0 8.0 1 2.6598 3.0503 0.9955 0.9948 
12 90 0.3 8.0 1 2.9224 3.1257 0.9951 0.9947 
13 90 0.0 6.0 0 1.6685 2.1679 0.9972 0.9963 
14 90 0.3 6.0 0 1.5214 1.9551 0.9974 0.9967 
15 90 0.0 8.0 0 2.8107 3.1233 0.9953 0.9947 
16 90 0.3 8.0 0 3.7318 3.5111 0.9937 0.9941 
21 180 0.0 6.0 1 1.3428 1.3428 0.9977 0.9977 
22 180 0.3 6.0 1 1.0528 1.9390 0.9982 0.9967 
23 180 0.0 8.0 1 1.3935 1.8867 0.9976 0.9968 
24 180 0.3 8.0 1 2.0006 1.9699 0.9966 0.9967 
25 180 0.0 6.0 0 0.8678 0.8472 0.9985 0.9986 
27 180 0.0 8.0 0 2.2844 2.4413 0.9961 0.9959 
28 180 0.3 8.0 0 2.0979 2.7876 0.9965 0.9953 
Note: #Fe2+/ Fe3+ = 47μmol/mol 
1Indicator variable: 0 (no arsenic is present during the aging process and spent media is then exposed to the synthetic 
groundwater containing 60 mg/L arsenic for 15 days in batch equilibrium study) and 1 (60 mg/L arsenic present during 
the aging process) 
 
 
 
4.3.1 Solution pH  
The effects of different experimental factors on the solution pH of different iron 
oxide samples for the “without pH adjustments” scenario was studied by observing the 
variations of solution pH. Fig. 4-2 presents the combined effects of aging time, initial 
solution pH, and ferrous iron ions on solution pH of samples aged for 90 days (sample 
IDs: 13-16), and for 180 days (sample IDs: 25-28; Table 4-2) (No arsenic present during 
the aging process). The time-dependent trends of solution pH of different samples (Table 
4-2) are shown in Appendix F. For samples exposed to the initial solution pH 6 (Fig. 4-
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2a), solution pH was observed to increase and vary from 5.8 to 6.8 throughout the study 
duration. Larger increases in solution pH values were observed during the initial stages of 
the study compared to the later stages of the study. The solution pH values of samples, 
exposed to the initial solution of pH 8.0, were observed to decrease and vary from 6.4 to 
7.6 throughout the study duration (Fig. 4-2b). Similar to the pH 6.0 samples, pH values of 
these samples were observed to vary significantly during the initial stages of the study 
compared to the later stages of the study (Fig. 4-2b). Similar trends of pH values were 
also observed for samples aged in the presence of arsenic ions (sample IDs: 9-12 and 21-
24; Fig. F-1). For samples aged for 90 days (Table 4-2), the solution pH values of the pH 
6 samples (sample IDs: 9, 10, 13, and 14) were observed to vary between pH 6.0 to 6.8 
(Fig. F-2a) and the solution pH values of the pH 8 samples (sample IDs:  11, 12, 15, and 
16) were observed to vary between pH 6.4 and 7.2 throughout the study duration (Fig. F-
2b). Similar variations in the trends of solution pH values were observed for samples 
studied for the “with pH adjustments” scenario (Fig. F-3).  
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Figure 4-2: Variation of Solution pH with Aging Time of Samples Aged for 90- and 
180-days (Arsenic Absent during the Aging Process and Spent Media was Contacted 
to Groundwater containing 60 mg/L As for 15 days in Batch Adsorption Studies): 
(a) pH 6, (b) pH 8 (average of two replicates) 
90d_No Ferrous Iron-Sample aged for 90 days in absence of ferrous iron ions, 90d_0.3mg/L Ferrous Iron-
Sample aged for 90 days in the presence of 0.3 mg/L ferrous iron ions 
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4.3.2 Crystallinity of Iron Oxide Media  
Crystalline iron fraction, calculated using the acid-soluble iron content of an iron 
oxide sample and the total iron content of the GIH E33 media, was used to study the 
changes in the crystallinity of the media. An increase in crystalline iron fraction would 
indicate the transition of the media towards a more ordered and structured crystalline 
form. This section analyzes the effects of different experimental factors on the 
crystallinity of iron oxide media for two scenarios: (a) without pH adjustments and (b) 
with pH adjustments. For the first scenario (i.e., without pH adjustments), two cases were 
considered: (1) aging of the media in the absence of arsenic ions and (2) aging of the 
media in the presence of 60 mg/L arsenic ions. In addition, the effect of the presence of 
arsenic ions on crystalline iron fraction was also studied for samples aged for 90 days 
(sample IDs: 9-16). For the second scenario (i.e., with pH adjustments), changes in 
crystalline iron fractions of media were studied for the fresh media only as the aged 
samples were observed to disintegrate and were not analyzed further.  
4.3.2.1 Without pH Adjustments 
Acid-soluble iron contents and crystalline iron fractions of different iron oxide 
samples are presented in the Table 4-2. Figs. 4-3 through 4-6 present the interaction plots 
of different factors, which showed the possibility of interactions of aging time with 
ferrous iron ions (Fig. 4-3a), arsenic presence (Fig. 4-3b), and initial solution pH (Fig. 4-
4) as indicated by the unparallel lines of these interactive plots. Arsenic presence and 
ferrous iron ions were observed to be independent of initial solution pH (Fig. 4-5). Also, 
these factors were not observed to interact with each other (Fig. 4-6).  
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(a) 
 
(b) 
 
Figure 4-3: Interaction of Aging Time with Other Factors for the “without pH 
adjustments” Scenario: (a) Ferrous Iron ions, (b) Arsenic Presence  
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Figure 4-4: Interaction of Aging Time with Initial Solution pH for the “without pH 
adjustments” Scenario 
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(a) 
 
(b) 
 
Figure 4-5: Interaction between Initial Solution pH and Other Factors for the 
“without pH adjustments” Scenario: (a) Arsenic Presence (b) Ferrous Iron ions  
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Figure 4-6: Interaction between Ferrous Iron Ions and Arsenic Presence for the 
without pH adjustments” Scenario  
 
 
 
To describe the dependence of crystalline iron fraction of iron oxide media ( cryI ) 
on different factors, a linear regression model was fit between crystalline iron fraction 
and four experimental factors: initial solution pH (factor ID: X1), ferrous iron ions (X2), 
arsenic presence (X3), and aging time (X4) (Table 4-2). Indicator variables were used to 
represent these factors during the model development. Initial solution pH (factor index (i) 
=1) is represented by an indicator variable, pHI , which has a value of 0 for initial 
solution pH 6 and 1 for initial solution pH 8. Ferrous iron (i = 2) is represented by an 
indicator variable, FeI , which has a value of 0 if ferrous iron is absent and 1 if 0.3 mg/L 
ferrous iron is present the during the aging process. Another factor, arsenic presence (i = 
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3), is represented by an indicator, AsI , which has a value of 0 if no arsenic is present and 
1 if arsenic is present during the aging process (Table 4-2). The aging time factor is 
expressed in terms of two indicator variables: 90I (i = 4) and 180I  (i = 5). The 
indicator, 90I , has a value of 0 if the aging time is different than the 90 days and 1 if the 
aging time is 90 days. Similarly, 180I  has a value of 0 for aging time different than the 
180 days and 1 for the 180 days aging time. Only main factors and two- and three-way 
interaction effects of different factors on crystalline iron fraction of media were 
considered and higher-order interactions were ignored as the effects of these higher-order 
interactions would be smaller compared to the effects of lower-order interactions. Results 
of the least-squares analysis of the linear regression model indicated that the residuals 
were normally distributed (mean = 0.000, σ = 0.717; Fig. 4-7), indicating the validity of 
the assumption of normal distribution for residuals of this linear model (coefficient of 
determination (R2) = 0.857, adjusted coefficient of determination (R2adj) = 0.721, p-value 
= 0.000). Model predicted values of crystalline iron fractions were observed to match 
with the observed crystalline iron fractions (R2 = 0.8568; Fig. 4-8). Residuals appear to 
randomly vary with crystalline iron fractions (slope of the linear model = 0.1432, R2 = 
0.1432; Fig. 4-8), indicating the independence of residuals with the dependent variable. 
Statistical significance of the model coefficients of this linear model indicated that 
indicators for initial solution pH and 180 days of aging time were statistically significant 
with p-values of 0.004 and 0.000, respectively. Using these significant factors, another 
linear model was developed (R2 = 0.639, R2adj = 0.619, p-value = 0.000; Equation 4-2). 
18000151.000176.099656.0 III pHcry +−=                                (4-2)                                                            
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The residuals of this linear model were observed to be normally distributed (Fig. 4-9) and 
model predicted crystalline iron fractions were observed to match with the observed 
crystalline iron fractions (R2 = 0.6393; Fig. 4-10a). Residuals were observed to randomly 
vary with the predicted crystalline iron fraction (Fig. 4-10b). The observed clusters in 
predicted crystalline iron fractions and residuals (Fig. 4-10) reflect the discrete nature of 
the explanatory variables. This effect is also observed for the residuals (Fig. 10b).  
To separate the effects of ferrous iron ions, arsenic presence, initial solution pH, 
and aging time on the crystallinity of iron oxide media, the observed crystalline iron 
fractions were analyzed for three different cases: (1) aging of media in the absence of 
arsenic ions, (2) aging of media in the presence of arsenic ions, and (3) aging of media 
for 90 days. For each of these three cases, the significance of different factors were 
determined using an ANOVA analysis and statistically significant factors were further 
used to develop a linear regression model describing the relationship of crystalline iron 
fractions of media with different experimental factors.
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(a) 
 
(b) 
 
Figure 4-7: Normality Tests for Residuals of the Overall Linear Model between 
Crystalline Iron Fraction and Different Factors for the “without pH adjustments” 
Scenario: (a) Frequency Histogram of Residuals (mean = 0.000, standard deviation 
= 0.717), (b) Normal Q-Q Plot of Residuals (The Overall Model is consists of Main 
Factors and Two- and Three-way Interactions Only) 
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Figure 4-8: Goodness-of-fit of the Overall Linear Model for Crystalline Iron 
Fractions of Iron Oxide Media for the “without pH adjustments” Scenario: (a) 
Predicted versus Observed Crystalline Iron Fractions (the Solid Line Indicates a 1:1 
Line to Compare the Predicted Crystalline Values with the Observed Crystalline 
Values, R2 = 0.8568), (b) Residual versus Predicted Crystalline Iron Fraction (The 
Overall Model is consists of Main Factors and Two- and Three-way Interactions 
Only) 
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(a) 
 
(b) 
 
Figure 4-9: Normality Tests for Residuals of the Simplified Linear Model between 
Crystalline Iron Fraction and Different Factors for the “without pH adjustments” 
Scenario: (a) Frequency Histogram of Residuals (mean =0.000, standard deviation = 
0.973), (b) Normal Q-Q Plot of Residuals (The Simplified Model is consists of Only 
Initial Solution pH and 180 days of Aging) 
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Figure 4-10: Goodness-of-fit of the Simplified Linear Model for Crystalline Iron 
Fractions of Iron Oxide Media for the “without pH adjustments” Scenario: (a) 
Predicted versus Observed Crystalline Iron Fractions (the Solid Line Indicates a 1:1 
Line to Compare the Predicted Crystalline Values with the Observed Crystalline 
Values, R2 = 0.6303), (b) Residual versus Predicted Crystalline Iron Fraction (The 
Simplified Model uses two discrete explanatory variables, Initial Solution pH and 
180 days of Aging) 
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The combined effects of initial solution pH, aging time, and ferrous iron ions on 
the crystallinity of fresh samples (sample IDs: 1-4; no aging) and samples aged for 90 
days (sample IDs: 13-16; Table 4-2) in the absence of arsenic ions are shown in Figs. F-1 
and F-2 of Appendix F. An ANOVA analysis of main effects of different factors 
indicated that only the main effect of initial solution pH was observed to be significant 
(p-value = 0.0084) and explaining 45.83% of the overall variability in the crystalline iron 
fractions (i.e., Eta-squared estimate = 45.83%). The main effects of all other factors were 
observed to be non-significant (p-value > 0.05; Eta-squared estimate <11%) (Table 4-3). 
The significance of the main effects of initial solution pH was further confirmed by the 
determination of its 95% confidence interval (CI) (Table 4-4), which did not include zero. 
The statistically significant negative effect estimate of initial solution pH indicated that 
crystallization proceeded further at pH 6 than at pH 8 (Table 4-3 and Fig. G-1a). No other 
factor was observed to interact and influence the crystallinity of media. Crystalline iron 
fractions were observed to increase with aging time and the increase was observed to be 
higher for the pH 6 samples compared to the pH 8 samples (Fig. G-1a). A decrease in 
crystalline iron fraction of iron oxide media was observed when the media was aged in 
the presence of 0.3 mg/L ferrous iron ions (i.e., 5.36 μM). The decrease in crystalline iron 
fraction was higher for the fresh media compared to the 90-day aged media, indicating an 
interaction between ferrous iron and aging time (Fig. G-1b). It also suggests that the 
proper selection of these two factors could be used to influence the crystallinity of iron 
oxide media and create more surface sites for adsorption. Ferrous iron presence was also 
observed to interact with initial solution pH and a decrease in crystallinity of iron oxide 
4.3.2.1.1 Aging of Media in the Absence of Arsenic Ions 
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media was observed in the presence of ferrous iron ions for higher solution pH (Fig. F-2). 
However, an ANOVA analysis of these interactions indicated that these interactions were 
statistically non-significant (p-value > 0.05; Table 4-3) and their 95% CIs were observed 
to include zero (Table 4-4).  
 
 
 
 
Table 4-3: An ANOVA Analysis for Fresh and 90-day Samples, Aged in the Absence 
of Arsenic Ions for the “without pH adjustments” Scenario 
Source Contrast Effect SSE Df F P-value 
Eta-
squared 
Ferrous iron -4.0×10-3 -5.0×10-4 9.5×10-7 1 1.041 0.3374 3.96% 
Initial solution pH -1.3×10-2 -1.7×10-3 1.1×10-5 1 12.055 0.0084* 45.83% 
Aging time 4.7×10-3 5.9×10-4 1.4×10-6 1 1.534 0.2506 5.83% 
Initial solution pH× 
Ferrous iron 
-2.2×10-3 -2.8×10-4 3.3×10-7 1 0.362 0.5642 1.38% 
Ferrous iron × aging 
time 
7.6×10-4 9.5×10-5 3.1×10-8 1 0.034 0.8584 0.13% 
Initial solution pH × 
aging time 
-6.6×10-3 -8.2×10-4 2.6×10-6 1 2.849 0.1299 10.83% 
Ferrous iron × 
Initial solution pH × 
aging time 
-3.4×10-3 -4.3×10-4 6.8×10-7 1 0.745 0.4131 2.83% 
Total   2.4×10-5 15    
Error   7.3×10-6 8    
SSE-Sum of squares of error; Df-Degrees of freedom, F-F statistic 
*Significant at 0.05 level 
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Table 4-4: 95% Confidence Intervals of Different Factor Effects of Fresh and 90-
day Samples, Aged in the Absence of Arsenic Ions for the “without pH adjustments” 
Scenario) (Standard Error of Estimate = 4.78×10-4 and 95% CI Component = 
1.1×10-3) 
Source Effect Estimate 
95% CI-
Low 
95% CI-
High Remarks
1 
Ferrous iron -5.0×10-4 -1.6×10-3 6.1×10-4 Non-significant 
Initial solution pH -1.7×10-3 -2.8×10-3 -5.5×10-4 Significant 
Aging time 5.9×10-4 -5.1×10-4 1.7×10-3 Non-significant 
Initial solution pH× 
Ferrous iron 
-2.8×10-4 -1.4×10-3 8.2×10-4 Non-significant 
Ferrous iron × Aging time 9.5×10-5 -1.0×10-3 1.2×10-3 Non-significant 
Initial solution pH× Aging 
time 
-8.2×10-4 -1.9×10-3 2.8×10-4 Non-significant 
Ferrous iron × Initial 
solution pH× Aging time 
-4.3×10-4 -1.5×10-3 6.7×10-4 Non-significant 
1Factor is non-significant if 95% CI includes zero, otherwise significant 
 
 
 
To describe the crystalline iron fractions on different experimental factors for 
fresh samples (sample IDs: 1-4) and samples aged for 90 days (sample IDs: 13-16) in the 
absence of arsenic ions for the “without pH adjustments” scenario, a linear regression 
model was developed between crystalline iron fraction ( cryI ) and initial solution pH.  
Using the method of least squares, the following linear regression model was fit between 
crystalline iron fraction and initial solution pH (Equation 4-3): 
( )pHcry II 00164.099620.0 −=                                                           (4-3)                                                                               
where pHI is an indicator for initial solution pH. The residuals of this linear model 
(Equation 4-3) were observed to be normally distributed (mean = 0.000, σ = 0.966) and 
lie between -2 and 2 (Fig. 4-11), indicating the validity of assumption of normal 
distribution for residuals of this linear model. Model predicated crystalline iron fractions 
were not able to completely match with the observed crystalline iron fractions and 
describe only ~ 55% of the observed crystalline iron fractions and discrete values of 
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predicted crystalline iron fractions were observed for different observed crystalline iron 
fractions (R2 = 0.5478; Fig. 4-12a). The residuals were observed to randomly vary with 
predicted crystalline iron fractions, although predicted values clustered together give the 
discrete nature of the model (Fig. 4-12b). A plot of residuals against initial solution pH is 
shown in Fig. 4-13. A F-ratio test of residuals of two pH levels indicated that the variance 
of the residual is constant and independent of the initial solution pH (F-statistic7,7 = 0.83, 
p-value = 0.60 < (α = 0.05)), validating the assumption of a constant variance of the 
residuals of the linear model (Equation 4-3). The linear model had limited predictive 
ability for the “without pH adjustments” scenario (R2 = 0.446, R2adj = 0.406, p-value = 
0.005). It appears that an accumulation of additional observations of crystalline iron 
fractions at intermediate initial solution pH values (i.e., between pH 6 and pH 8) might be 
able to better capture the relationship between crystalline iron fractions and initial 
solution pH. 
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(a) 
 
(b) 
 
Figure 4-11: Normality Tests for Residuals of the Linear Model between Crystalline 
Iron Fraction and Initial Solution pH of Fresh and 90-day Samples, Aged in the 
Absence of Arsenic Ions for the “without pH adjustments” Scenario: (a) Frequency 
Histogram (mean =0.000, standard deviation = 0.966), (b) Normal Q-Q Plot  
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Figure 4-12: Goodness-of-fit of the Linear Model for Crystalline Iron Fractions of 
Fresh and 90-day Samples, Aged in the Absence of Arsenic Ions for the “without pH 
adjustments” Scenario: (a) Predicted versus Observed Crystalline Iron Fractions 
(the Solid Line Indicates a 1:1 Line to Compare the Predicted Crystalline Values 
with the Observed Crystalline Values; R2 = 0.5478), (b) Residual versus Predicted 
Crystalline Iron Fraction  
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Figure 4-13: Dependence of Residuals of the Linear Model with Initial Solution pH 
of Fresh Samples (sample IDs: 1-4) and Samples Aged for 90 days (sample IDs: 13-
16)   
 
 
 
The combined effects of initial solution pH, aging time, and ferrous iron ions on 
crystallinity of samples aged for 90 days (sample IDs: 9-12) and 180 days (sample IDs: 
21-24) in the presence of 60 mg/L arsenic ions (Table 4-2) are shown in Figs. G-3 and G-
4 of Appendix G. An ANOVA analysis of different factors indicated that the main effects 
of initial solution pH and aging time were statistically significant with p-values of 0.0000 
and 0.0014, respectively (see Table C-1). The significance of main effects of these factors 
was further confirmed by the determination of their 95% CIs, which included zero (Table 
C-2). The statistically significant negative effect estimate of initial solution pH indicated 
that the crystallization proceeded further at low solution pH (i.e., at pH 6 than at pH 8; 
Table C-1 and Fig. G-3a). Crystallization was observed to proceed further with aging, as 
indicated by the significance of aging time (Table C-1 and Fig. G-3b). A statistically 
4.3.2.1.2 Aging of Media in the Presence of Arsenic 
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significant interaction was observed between aging time and initial solution (p-value = 
0.0016; Tables C-1 and C-2). Crystalline iron fractions were observed to increase with 
aging and the increase was observed to be higher for pH 6 samples compared to the pH 8 
samples (Fig. G-3a). Another factor, ferrous iron, was not observed to be statistically 
significant (p-value = 0.1080). When media was aged in the presence of ferrous iron ions, 
a decrease in the crystalline iron fraction of media was observed with ferrous iron, 
indicating the possibility of some interaction between ferrous iron ions and aging time 
(Figs. G-3b and G-4). However, this interaction was statistically non-significant (p-value 
> 0.05; Tables C-1 and C-2). The comparison of Eta-squared estimates of different 
factors (Table C-1) indicated that the initial solution pH appears to be a significant factor 
and accounts for approximately half of the total variability in the estimation of crystalline 
iron fractions of media (Table C-1). All other significant factors, aging time and its 
interaction with initial solution pH, were observed to account for only ~17 to 18% of the 
total variability in the estimation of crystalline iron fractions of media (Table C-1).  
To describe the crystalline iron fractions on statistically significant experimental 
factors, such as initial solution pH, aging time, and their interaction for the samples aged 
for 90 and 180 days in the presence of arsenic ions for the “without pH adjustments” 
scenario, the following linear model was developed using the method of least-squares 
(Equation 4-4, R2 = 0.859, R2adj= 0.823, p-value = 0.000): 
( ) ( ) ( )pHttpHcry IIII ×++−= 00094.000096.000159.099661.0              (4-4) 
where pHI represents an indicator for initial solution pH as defined in the Equation 4-2. 
Also, tI  represents an indicator for aging time (value = 0 if aging time is 90 days and 1 
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if aging time is 180 days), and pHtI × represents an indicator for interaction between 
aging time and initial solution pH (value = 0 if both factors are not at the same level and 
1 if both factors are at the same level). The residuals of this linear model were observed 
to be normally distributed (mean = 0.000, σ = 0.894, range: -2 and 2; Fig. C-1), and to 
vary randomly with the predicted crystalline iron fraction (Fig. C-2b), validating the 
normality assumption for residuals of the linear model (Equation 4-4). Observed 
clustered in predicted crystalline iron fractions and residuals values (Fig. C-2) could be 
attributed to the discrete nature of the explanatory variables of the linear model (R2 = 
0.1415; Equation 4-4). The dependence of residual with independent variables, initial 
solution pH and aging time, are shown in Fig. C-3. F-ratio tests of residuals of these two 
factors indicated that the variances of the residual are constant and independent of the 
initial solution pH (F-statistic7,7 = 1.81, p-value = 0.23 < (α = 0.05)) and aging time (F-
statistic7,7 = 0.57, p-value = 0.76 < (α = 0.05)), validating the assumption of a constant 
variance of the residuals of the linear model (Equation 4-4). It appears that accumulation 
of additional observations of crystalline iron fractions at intermediate initial solution pH 
values (i.e., between pH 6 and pH 8) and intermediate aging times (i.e., between 90 and 
180 days) might be able to better capture the relationship of crystalline iron fractions with 
initial solution pH and aging time. 
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To describe the crystalline iron fractions of samples aged for 90 days on 
statistically significant experimental factors: initial solution pH and arsenic presence 
4.3.2.1.3 Aging of Media for 90 days 
The combined effects of initial solution pH, ferrous iron, and arsenic presence on 
crystallinity of iron oxide samples aged for 90 days (sample IDs: 9-16) (Table 4-2) are 
shown in Figs. G-5 and G-6 of Appendix G. An ANOVA analysis of main effects of 
these factors indicated that initial solution pH and arsenic presence were statistically 
significant with p-values of 0.0000 and 0.0280, respectively (Table C-3). The 
significance of main effects of these factors was further confirmed by the determination 
of 95% CI (Table C-4), which included zero. The negative effect estimate of initial 
solution pH indicated that the crystallization proceeded further at low solution pH (i.e., at 
pH 6 than at pH 8; Table C-3, Figs. G-5 and G-6b). Crystallization was observed to 
proceed further when media was aged in the presence of arsenic ions (statistically 
significant positive effect estimate, Table C-3). The interaction of these two factors was 
statistically non-significant (p-value = 0.8741; Table C-3 and Fig. G-5). The other factor, 
ferrous iron, was observed to be statistically non-significant (p-value = 0.1515; Table C-
3). Some interactions were observed between ferrous iron ions and other factors, such as 
arsenic presence and initial solution pH (Fig. G-6), however, these were statistically non-
significant (p-value > 0.05; Table C-3). The comparison of Eta-squared estimates of 
different factors indicated that the initial solution pH accounts for the significantly large 
fraction of the total variability in the estimation of crystalline iron fractions of media 
(~84%) (Table C-3). Arsenic presence, the other significant factor, was observed to 
contribute only 5% of the total variability in the crystalline iron fractions of media.  
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(Table C-3), a linear regression model was fit using the method of least squares (Equation 
4-5, R2 = 0.890, R2adj= 0.873, p-value = 0.000): 
( ) ( )AspHcry III 00061.000249.099692.0 +−=                                   (4-5)                                                          
where pHI represents an indicator for initial solution pH as defined in the Equation 4-2. 
Also, AsI represents an indicator for arsenic presence (Value = 0 if arsenic is absent 
during the aging process and 1 if arsenic is present during the aging process) (Table 4-2). 
The residuals of this linear model were observed to be normally distributed (mean = 
0.000, σ = 0.931) and lie between -2 and 2 (Fig. C-4), indicating the validity of the 
assumption of normal distribution for residuals of this linear model. Goodness-of-fit of 
this linear model, shown in Fig. C-5a, indicated that the predicted crystalline iron 
fractions were observed to describe most of the observed crystalline iron fraction values 
(R2 = 0.8897). The residuals were observed to randomly vary with the predicted 
crystalline iron fractions (Fig. C-5b). Some clustering in predicted crystalline iron 
fraction values was observed which can be attributed to the discrete nature of the model 
explanatory variables. The dependence of residual with independent variables, initial 
solution pH and arsenic presence, are shown in Fig. C-6. F-ratio tests of residuals of these 
two factors indicated that the variances of the residual are constant and independent of 
the initial solution pH (F-statistic7,7 = 0.75, p-value = 0.64 < (α = 0.05)) and aging time 
(F-statistic7,7 = 2.13, p-value = 0.17 < (α = 0.05)), validating the assumption of a constant 
variance of the residuals of the linear model (Equation 4-5). It appears that accumulation 
of additional observations of crystalline iron fractions at intermediate initial solution pH 
values (i.e., between pH 6 and pH 8) might be able to better capture this relationship.  
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4.3.2.2 With pH Adjustments  
This section presents the analysis of the combined effects of initial solution pH 
and ferrous iron on crystalline iron fractions of media for the scenario of “with pH 
adjustments”. Crystalline iron fractions of only fresh media (sample IDs: 1-8; Table 4-5) 
were analyzed as other aged samples were observed to disintegrate (sample IDs: 17-20, 
26, and 29-32; Table 4-1). The combined effects of initial solution pH, ferrous iron ions, 
and intermediate pH adjustments on the crystallinity of fresh media are shown in Figs. G-
7 and G-8. An ANOVA analysis of main effects of different factors indicated that ferrous 
iron ions and pH adjustments were statistically significant with p-values of 0.0271 and 
0.0496, respectively (Table C-5, Appendix C). The significance of these factors was 
further confirmed by the determination of 95% CIs (Table C-6), which included zero. 
The statistically significant positive effect estimate of intermediate pH adjustments 
indicated that crystallization proceeded further when intermediate pH adjustments were 
used (Table C-5 and Fig. G-7). Crystallization was observed to decrease in the presence 
of ferrous iron ions, irrespective of the application of intermediate pH adjustments (Table 
C-5 and Fig. G-7). These factors appear to contribute ~23-31% of the total variability in 
the estimation of crystalline iron fractions of the fresh media (Table C-5). The main 
effect of initial solution pH was observed to be statistically non-significant (p-value = 
0.9239; Table C-5) and initial solution pH contributed ~ 4% towards the variability in the 
estimation of crystalline iron fractions of the fresh media. Some interaction was observed 
between ferrous iron ions and intermediate pH adjustments (Fig. G-7); however, it was 
statistically non-significant (p-value = 0.3119; Table C-5). The interactions of initial 
solution pH with other factors, such as intermediate pH adjustments and ferrous iron ions, 
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were also observed to be statistically non-significant with p-values of 0.3316 and 0.4080, 
respectively (Table C-5, Fig. G-8).   
 
 
 
Table 4-5: Experimental Design to Study the Combined Effects of Different Factors 
on Crystallinity of Fresh Media (Arsenic Absent During the Aging Process and the 
Media is Exposed to Synthetic Groundwater Containing 60mg/L Arsenic for 15 days 
in Batch Equilibrium Studies) 
ID 
Fe2+ 
Conc. 
(mg/L) 
pH0 
pH 
Adj.1 
Acid-soluble 
Iron (A) 
(mg/g) 
Acid-soluble 
Iron (B) 
(mg/g) 
Crystalline 
Iron 
Fraction 
(A) 
Crystalline 
Iron 
Fraction (B) 
1 0.0 6.0 0.0 0.0040 0.0043 0.9960 0.9957 
2 0.3 6.0 0.0 0.0039 0.0063 0.9961 0.9937 
3 0.0 8.0 0.0 0.0042 0.0055 0.9958 0.9945 
4 0.3 8.0 0.0 0.0067 0.0044 0.9933 0.9956 
5 0.0 6.0 3.0 0.0028 0.0027 0.9972 0.9973 
6 0.3 6.0 3.0 0.0043 0.0061 0.9957 0.9939 
7 0.0 8.0 3.0 0.0029 0.0027 0.9971 0.9973 
8 0.3 8.0 3.0 0.0040 0.0044 0.9960 0.9956 
1The initial solution pH was adjusted to pH 3 for 12 hours and then brought back to the initial solution pH 
 
 
 
To describe the crystalline iron fractions of fresh media on statistically significant 
factors, such as ferrous iron ions and intermediate pH adjustments, the following linear 
regression model was fit (Equation 4-6, R2 = 0.551, R2adj= 0.482, p-value = 0.006):  
( ) ( ) ( )pHadjFecry III 001188.0001363.0004256.0ln +−−=                      (4-6)                                                  
where FeI  represents the presence of ferrous iron ions ( = 0 if ferrous iron is absent 
during the aging process and 0.3 mg/L if ferrous iron is present during the aging process), 
and pHadjI represents an indicator for intermediate pH adjustments ( = 0  when no 
intermediate pH adjustment was used and 1 when intermediate pH adjustment was used). 
The residuals of this linear model were observed to be normally distributed (mean = 
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0.000, σ = 0.931) and lie between -2 and 2 (Fig. C-7), indicating the validity of 
assumption of normal distribution for residuals of the linear model. Goodness-of-fit of 
this linear model, shown in Fig. C-8a, indicated that the predicted crystalline iron fraction 
values matched ~ 55% of the observed crystalline iron fraction (R2 = 0.5478; Fig. C-8a). 
The residuals were observed to randomly vary with the predicted crystalline iron 
fractions (Fig. C-8b). The observed clustering in predicted crystalline iron fractions and 
residuals values (Fig. C-8) could be attributed to the discrete nature of model explanatory 
variables ( Equation 4-6).The dependence of residual with explanatory variables, pH 
adjustments and ferrous iron ions, are shown in Fig. C-9. F-ratio tests of residuals of 
these two factors indicated that the variances of the residual are constant and independent 
of the pH adjustments (F-statistic7,7 = 2.23, p-value = 0.16 < (α = 0.05)) and ferrous iron 
ions (F-statistic7,7 = 0.22, p-value = 0.97 < (α = 0.05)), validating the assumption of a 
constant variance of the residuals of the linear model (Equation 4-6). 
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Table 4-6: Summary of the Effects of Different Factors on the Crystalline Iron 
Fractions of Different Iron Oxide Media 
Case Experimental 
Factors 
Significant 
Factors* 
Effect Estimates 
Without pH Adjustments 
All samples Ferrous iron ions, 
Initial solution pH, 
Aging time, Arsenic 
presence 
 
Initial solution pH NC 
Aging time (180 
days) 
NC 
Aging of media in the 
absence of arsenic 
ions (sample IDs:1-4 
and 13-16) 
Ferrous iron ions,  
Initial solution pH, 
Aging time 
 
 
Initial solution pH -1.7×10-3 
(-2.8×10-3, -5.5×10-4) ** 
Aging of media in the 
presence of arsenic 
ions (sample IDs:9-
12 and 21-24) 
Ferrous iron ions, 
Initial solution pH, 
Aging time 
Initial solution pH -1.6×10-3 
(-2.0×10-3, -1.1×10-3) 
Aging time 9.9×10-4 
(5.2×10-4, 1.5×10-3) 
Initial solution pH 
× Aging time 
 
9.2×10-4 
(4.5×10-4, 1.4×10-3) 
Aging of media for 
90 days (sample 
IDs:9-16) 
Ferrous iron ions, 
Initial solution pH, 
Arsenic presence 
Initial solution pH -2.5×10-3 
(-3.0×10-3, 2.0×10-3) 
Arsenic presence 6.1×10-4 
(8.3×10-5, 1.1×10-4) 
 
With pH Adjustments 
Fresh media 
(sample IDs: 1-8) 
Initial solution pH, 
Ferrous iron ions, 
Intermediate pH 
adjustments 
Ferrous iron ions -1.4×10-3 
(-2.5×10-3, 2.0×10-4) 
 
Intermediate pH 
adjustments 
1.2×10-3 
(2.3×10-5, 2.4×10-3) 
 
*Significance at 0.05 level 
**95 % confidence interval 
NC-Not calculated   
 
 
 
It appears that, in the absence of intermediate pH adjustments, two factors: initial 
solution pH and aging time are significantly affecting the crystallinity of the iron oxide 
media (Table 4-6) and crystallinity was observed to proceed further at low initial solution 
pH and long aging time. Previous studies have reported that solution pH and aging time 
are two important factors which influence the crystallinity of different iron oxide phases 
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(Schwertmann and Cornell 2000; Baltpurvins et al. 1996; Ford 2002). Irrespective of the 
presence of arsenic ions during the aging process, initial solution pH was observed to be a 
statistically significant factor (Table 4-6). It appears that the extent of crystallization 
would increase for iron oxide media exposed to an arsenic-contaminated groundwater 
with ~ pH 6 compared to the alkaline arsenic-contaminated groundwater (range of the 
increase in the extent of crystallization: 1.6×10-3 to 2.5 ×10-3; effect estimate values taken 
from Table 4-6). As expected, the extent of crystallization of iron oxide media was 
observed to increase for long aging time (increase in the extent of crystallization: 9.9×10-
4; effect estimate value taken from Table 4-6), similar to the observations found in the 
aging studies of other iron oxide phases (Schwertmann and Cornell 2000; Baltpurvins et 
al. 1996; Ford 2002). Initial solution pH and aging time do not appear to interact in 
affecting the crystallization of iron oxide media (all samples; Table 4-6). However, their 
interaction was observed to be significant for the case where media was aged in the 
presence of arsenic ions (sample IDs: 9-12 and 21-24; Table 4-6). The positive effect 
estimate of this interaction (effect estimate: 9.2×10-4; Table 4-6) indicates that the extent 
of the crystallization of iron oxide media, used to treat an arsenic-contaminated 
groundwater, could be reduced by lowering the solution pH and reducing the contact time 
(reduction in the extent of crystalline iron fraction: 9.2×10-4; Table 4-6).  
The other two factors, arsenic presence and ferrous iron, were not observed to 
significantly affecting the crystallinity of the iron oxide media (Table 4-6). However, for 
90-day aged samples, arsenic was observed to be one of the significant factors 
influencing the crystallinity of the iron oxide media (Table 4-6), indicating that the extent 
of crystallization of iron oxide media would increase during its application of treating an 
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arsenic-contaminated groundwater (increase in the extent of crystallization: 6.1×10-4; 
effect estimate values taken from Table 4-6). Ferrous iron was observed to be a 
significant factor (negative effect estimate: -1.4 ×10-3; Table 4-6) for the “with pH 
adjustments” scenario, suggesting that the extent of crystallization of iron oxide media 
could be reduced (magnitude of reduction of crystalline iron fraction: ~1.4 ×10-3) during 
its application of treating an arsenic-contaminated contaminated groundwater in the 
presence of ferrous iron ions with intermediate pH adjustments. In addition, the 
intermediate pH adjustment factor was observed to be a significant factor influencing the 
crystalline iron fraction of the fresh iron oxide media (Table 4-6), indicating that the 
extent of crystallization of iron oxide media would increase during the intermediate pH 
adjustments scheme (increase in the extent of crystallization: 1.2×10-3; effect estimate 
value taken from Table 4-6),  However, the effect of intermediate pH adjustments on the 
crystallinity of iron oxide media can not be elaborated further for aged samples due to 
media disintegration (Tables 4-1 and 4-12), suggesting the need for optimizing the 
intermediate pH adjustment scheme (i.e., determination of adjustment duration, solution 
pH, and temperature).  
The phase transformation kinetic of iron oxide samples for the “without pH 
adjustment” scenario (Table 4-2) was determined by fitting a decay model (Equation 4-7) 
to the time-dependent acid-soluble iron fractions of pH 6 and pH 8 iron oxide samples. 
( )Adecayasas tKII ×−= exp0,                                                                        (4-7) 
where 0,asI and asI  represent the acid-soluble iron fractions of fresh and aged-iron 
oxide samples (aging time: At ), respectively and decayK  represents the decay constant. 
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The decay models were observed to describe approximately 43-62% of the observed data 
(Fig. 4-14). The initial acid-soluble iron fraction of these samples was calculated to be 
0.005 (average of 0.0042 (for pH 6 samples) and 0.0058 (for pH 8 samples)) as the acid-
soluble iron fractions of fresh pH 6 and pH 8 samples were not statistically different 
(tstatistic = -0.9601, p-value = 0.4383). The pH 6 samples had larger decay constant (i.e., 
1.81×10-4/h) than pH 8 samples (i.e., 1.04×10-4/h), indicating that the pH 6 samples are 
becoming crystalline at a faster rate than the pH 8 samples.  
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Figure 4-14: Fitting of the Decay Model for Acid-soluble Iron Fractions of pH 6 and 
pH 8 Iron Oxide Samples (“without pH adjustments” Scenario) 
Y-axis is on a logarithmic scale. 
pH6-exp- Experimental data of the pH 6 samples, Linear (pH6-exp)-Linearized decay model for the pH 6 
samples 
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4.3.3 Mineralogical Changes 
4.3.3.1 Mineralogy  
Fig. 4-15 shows the XRD of GIH E33 media. Mineralogical investigation of GIH 
E33 media indicates that it is primarily composed of goethite iron oxide phase. The XRD 
peaks at 2θ = 21.42°, 33.56°, 34.96°, 36.84°, 53.68° and 59.28° matched with the peaks 
of goethite (JCPDS PDF# 97-004-0209; Schwertmann and Cornell 2000; Ela et al. 2006; 
Stokes et al. 2007). XRD peaks at diffraction angle (2θ) = 21.42° and 36.9° were 
observed to be of higher intensities compared to the other neighboring peaks (Fig. 4-15), 
and thus, these major peaks were selected to study changes in crystallinity of different 
iron oxide samples due to the effects of different factors (Table 4-1).  
 
 
 
 
Figure 4-15: XRD of GIH E33 Media 
a.u.-arbitrary units, 2θ-diffraction angle 
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Mineralogical investigations of different iron oxide samples were performed to 
study the changes in the crystallinity of iron oxide media due to the effects of different 
factors. Some iron oxide samples, such as samples with IDs:  17-20, 26, and 29-32 (Table 
4-1), were not analyzed for mineralogy due to their disintegration. The X-ray 
diffractograms and summary of phase identifications of different samples, determined 
using the JCPDS library, are given in the Appendix H3. For all samples studied, only 
goethite iron oxide phase was found, and no other new iron oxide phase was observed 
(Table 4-2). No new peaks corresponding to any iron/arsenic or iron/other ions bearing 
mineral were observed. The XRD peaks of spent iron oxide samples were not observed to 
match with that of some of the possible iron/arsenic minerals, such as arseniosiderite 
(Ca2Fe3+3 (AsO4)3O2.3H2O) or pharmacosiderite (K2/Na2Fe4(AsO4)3(OH)5.7H2O), which 
possess major peaks at 19°, 27°, 30°, 32°, and 36° diffractions angles (Filippi et al. 2004). 
Ela et al. (2006) also did not observe any new iron/arsenic mineral phase while studying 
the effect of aging on amorphous ferric hydroxide, loaded with a molar ratio of As/Fe of 
0.175. However, they observed some incorporation of arsenic ions within the structure of 
pharmacosiderite mineral in the 45-day aged media (temperature: 40°C). An observation 
of no new iron/arsenic bearing mineral in spent media indicated that arsenic was not 
incorporated within the crystalline structure of the media and adsorbs only on the surface 
of iron oxide media. In general, arsenate forms inner-sphere surface complexes with iron 
oxide and is only incorporated within the crystalline structure of the iron oxide media if it 
is present during the phase transformation of an unstable iron oxide phase (Fuller et al. 
1993). Another plausible explanation of not observing any major new iron/arsenic phase 
could be that only a small amount of arsenic was used in this study  (i.e., As/Fe molar 
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ratio = 0.007), which might not have  been sufficient to produce a new iron/arsenic phase. 
Similar observations of no new iron/arsenic mineral was reported by Pedersen et al. 
(2006) for the goethite iron oxide phase during reductive dissolution studies (pH 6.5, 
room temperature, As/Fe molar ratio: 0.001 and Fe2+: 0.07M).  
Even though, iron oxide media was aged in the presence of different co-solutes 
such as chloride and silicate ions, etc. (Tables 3-1 and 4-2), no new peaks corresponding 
to any of these ions with iron oxide was observed. These ions have been reported to 
influence the rate and extent of crystallinity of some of the iron oxide phases, such as 
hydrous ferric oxide or ferrihydrite (Baltpurvins et al. 1996; Jang et al. 2003; 
Schwertmann and Cornell 2000; Pedersen et al. 2006). However, the observation of no 
new XRD peak corresponding to the iron/other ions bearing minerals indicated the 
possibility that these ions are not interfering with the crystalline structure of the iron 
oxide media and thus, these are not reflected in the XRDs of different iron oxide samples.   
The following sections describe the effects of different factors, such as initial 
solution pH, aging time, ferrous iron ions, and arsenic presence on different 
mineralogical changes of the iron oxide media (Table 4-1) using two different indicators: 
(1) Shifting of peaks and (2) Peak-width, which have been used to study structural 
changes in different iron oxide phases (Atkinson et al. 1968) and bone apatite 
(Danilchenko et al. 2004). 
4.3.3.2  Shifting of Peaks 
To study the combined effects of ferrous iron ions, initial solution pH, and aging 
time on the crystallinity of iron oxide media aged in the absence of arsenic ions for the 
“without pH adjustments” scenario, mineralogical properties of fresh samples and 
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samples aged for 90- and 180-days were compared (samples 1-4, 13-16, 25, and 27-28; 
Table 4-2).  
Similar trend of shifting of the major XRD peaks towards lower diffraction angles 
were observed for samples, aged in the presence of 0.3 mg/L ferrous iron ions for the 
similar experimental conditions (arsenic absent during the aging process; samples IDs: 2, 
4, 14, 16, and 28; Table 4-2 and Fig. 4-17). For these samples also, the shifting of the 
major XRD peaks towards lower diffraction angles were larger for samples aged in the 
solution of low pH (Fig. 4-17). However, the major XRD peaks of the sample, aged in the 
solution of low pH 6 for 90 days (i.e., sample ID: 14), were observed to move towards 
larger diffraction angles relative to that of the fresh sample (i.e., sample ID: 2), though 
4.3.3.2.1 Aging of Media in the Absence of Arsenic Ions 
Figures 4-16 and 4-17 show the shifts of the XRD peaks of different samples 
(Table 4-2) relative to the peak locations of two major XRD peaks of the GIHE33 media 
at diffraction angles (2θ) = 21.42° and 36.9° (Fig. 4-15) (no arsenic present during aging 
process). For fresh media, the major XRD peaks were observed to shift towards higher 
diffraction angles for pH 6 sample (sample ID: 1) than pH 8 sample (sample ID: 3) (Fig. 
4-16; both ferrous iron and arsenic ions absent during the aging process). Some changes 
in the locations of the major peaks were also observed for samples aged for longer 
periods. The major XRD peaks of the 90- and 180-day aged samples (sample IDs: 13, 15, 
25, and 27) were observed to shift towards lower diffraction angles relative to that of the 
GIH E33 media. Shifts of the major XRD peaks towards lower diffraction angles were 
higher for 90-day aged sample compared to 180-day aged sample (initial solution pH: 6) 
(Fig. 4-16).  
  
154 
still lower than that of the GIH E33 media (Fig. 4-17). For samples aged for longer 
periods in the solution of high pH, the major XRD peaks of the 180-day aged sample 
(sample ID: 28) were observed to shift towards larger diffraction angles relative to that of 
the fresh and 180-day aged samples (sample IDs: 4 and 16, respectively; Fig. 4-17). 
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Figure 4-16: Shifts of the Major XRD Peaks of Different Samples (Samples IDs: 1, 3, 
13, 15, 25, and 27) Relative to that of the GIH E33 Media for Diffraction Angles: (a) 
21.42° (b) 36.9° (Both Ferrous Iron and Arsenic Ions were Absent During the Aging 
Process) 
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Figure 4-17: Shifts of the Major XRD Peaks of Different Samples (Samples IDs: 2, 4, 
14, 16, and 28) Relative to that of the GIH E33 Media for Diffraction Angles: (a) 
21.42° (b) 36.9° (Ferrous Iron Present and Arsenic Absent During the Aging 
Process) 
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4.3.3.2.2 Aging of Media in the Presence of Arsenic Ions 
Figures 4-18 and 4-19 show the shifts in the locations of the major XRD peaks of 
different iron oxide samples aged in the presence of arsenic ions, relative to those of the 
GIH E33 media in the absence and presence of ferrous iron ions, respectively (sample 
IDs: 1-4, 9-12, and 21-24; arsenic present during the aging process; Table 4-2). The 
major XRD peaks of the 90-day aged samples were observed to shift towards lower 
diffraction angles relative to that of the fresh media (Fig. 4-18), similar to the shifting of 
the major XRD peaks observed for the samples aged in the absence of arsenic (Fig. 4-16). 
Greater shifts in the locations of the major XRD peaks were observed for samples aged 
for longer periods in solutions of high pH (i.e., pH 8; Fig. 4-18). When samples were 
aged in the presence of 0.3 mg/L ferrous iron ions under the similar experimental 
conditions (samples IDs: 2, 4, 10, 12, 22, and 24; Table 4-2), the major XRD peaks of 
different samples were observed to shift towards lower diffraction angles with greater 
shift in peak locations for the samples aged in the solution of low pH (Fig. 4-19). An 
opposite trend in the shifting of the major XRD peaks was observed for the 180-day 
sample. The major XRD peaks of these samples were observed to shift towards greater 
diffraction angles for low pH samples (Fig. 4-19).  
In general, aging time appears to interact with initial solution pH (Fig. 4-20) and 
ferrous iron ions (Fig. 4-21) in influencing the shifts of the major XRD peaks of different 
iron oxide samples. Also, initial solution pH appears to interact with ferrous iron ions in 
influencing the shifting of the major XRD peaks (Fig. 4-22). These trends of the shifting 
of the major XRD peaks of different iron oxide samples were observed to be similar, 
irrespective of the presence of arsenic ions during the aging process. 
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Figure 4-18: Shifts of the Major XRD Peaks of Different Samples Relative to that of 
the GIH E33 Media for Diffraction Angles: (a) 21.42° (b) 36.9° (Ferrous Iron Ions 
Absent and Arsenic Present During the Aging Process) 
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Figure 4-19: Shifts of the Major XRD Peaks of Different Samples Relative to that of 
the GIH E33 Media for Diffraction Angles: (a) 21.42° (b) 36.9° (Both Ferrous Iron 
and Arsenic Ions Present During the Aging Process) 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 4-20: Interaction Plots of Aging Time with Initial Solution pH: (a) 21.42°, 
Arsenic Absent, (b) 21.42°, Arsenic Present, (c) 36.9°, Arsenic Absent, and (d) 36.9°, 
Arsenic Present (Aging time = 0 if 90 days of Aging and 1 if 180 days of Aging; 
Initial Solution pH = 0 for pH 6 and 1 for pH 8 used during the Aging Process) 
2Theta1-Diffraction angle at 21.42° 
2Theta2-Diffraction angle at 36.9° 
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(b) 
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(d) 
Figure 4-21: Interaction Plots of Aging Time with Ferrous Iron Ions: (a) 21.42°, 
Arsenic Absent, (b) 21.42°, Arsenic Present, (c) 36.9°, Arsenic Absent, and (d) 36.9°, 
Arsenic Present (Aging time = 0 if 90 days of Aging and 1 if 180 days of Aging; 
Ferrous Iron = 0 if Ferrous Iron is Absent and 1 if 0.3 mg/L Ferrous Iron is Present 
During the Aging Process) 
2Theta1-Diffraction angle at 21.42° 
2Theta2-Diffraction angle at 36.9° 
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(d) 
Figure 4-22: Interaction Plots of Initial Solution pH with Ferrous Iron Ions: (a) 
21.42°, Arsenic Absent, (b) 21.42°, Arsenic Present, (c) 36.9°, Arsenic Absent, and 
(d) 36.9°, Arsenic Present (Initial Solution pH = 0 for pH 6 and 1 for pH 8; Ferrous 
Iron = 0 if Ferrous Iron is Absent and 1 if 0.3 mg/L Ferrous Iron is Present During 
the Aging Process) 
2Theta1-Diffraction angle at 21.42° 
2Theta2-Diffraction angle at 36.9° 
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4.3.3.2.3  90-day Aged Samples 
To understand the interaction of arsenic presence with other factors in influencing 
the shifting of the major XRD peaks, the samples aged for 90 days were analyzed for 
mineralogical changes. Some samples were aged with 60 mg/L arsenic in solution and 
some were aged without arsenic in solution.  The interaction plots of different factors 
studied are shown in Appendix G (Figs. G-9 to G-11). It appears that initial solution pH 
is interacting with ferrous iron ions (Fig. G-9) and arsenic presence (Fig. G-10) and 
influence the shifting of the major XRD peaks.  In the absence of ferrous iron ions during 
the aging process, the major XRD peaks of different samples were observed to shift 
towards lower diffraction angles and the shifts were observed to be greater for the sample 
aged in the solution of low pH (Fig. G-11a). When ferrous iron was also present during 
the aging process, the major XRD peaks of the pH 8 samples were observed to shift 
towards lower diffraction angles than that of the pH 6 samples (Fig. G-11b). Similar 
trends of shifting of the major XRD peaks were observed for different samples due to the 
interaction of the initial solution pH and arsenic presence (Fig. G-10). In addition, ferrous 
iron appears to interact with arsenic presence in influencing the shifting of the major 
XRD peaks towards lower diffraction angles (Fig. G-11). 
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Table 4-7: Statistical Significance of Different Factors Affecting the Mineralogical 
Changes in Different Iron Oxide Samples 
Case Factors 
Significance 
(p-value)* 
Based on 
Shifting of 
Peaks 
Based on 
Changes in 
Peak-widths 
Without pH Adjustments 
Aging of media in the absence 
of arsenic ions (sample IDs:1-
4 and 13-16) 
Ferrous iron 0.212 1.00 
Initial Solution pH 0.537 0.184 
Aging Time 0.113 0.149 
R2 
 
0.628 0.590 
Aging of media in the 
presence of arsenic ions 
(sample IDs:9-12 and 21-24) 
Ferrous iron 0.421 0.349 
Initial Solution pH 0.834 0.962 
Aging Time 0.192 0.152 
R2 
 
0.453 0.515 
Aging of media for 90 days 
(sample IDs:9-16) 
Ferrous iron 0.397 0.672 
Initial Solution pH 0.258 0.875 
Arsenic Presence 0.579 0.771 
R2 0.249 0.077 
 
With pH Adjustments 
Fresh media 
(sample IDs: 1-8) 
Initial solution pH, 
Ferrous iron ions, 
Intermediate pH 
adjustments 
NA NA 
R2 NA NA 
*Based on the linear regression analysis (based on only one observation) 
**Significant at 0.05 level 
NA-Not applicable due to media disintegration, R2-Coefficient of determination 
 
 
 
In order to assess the significance of the effects of different factors on shifting of 
major peaks of different samples, linear regression models were fit between shifts of 
diffraction angles of different samples and experimental factors and their statistical 
significance for a 0.05 level test were determined for different cases (Table 4-7). 
Irrespective of the presence of arsenic ions during the aging process, none of the factors 
were found to be statistically significant (p-values > 0.05) (Table 4-7). Similar findings of 
the significance of different factors (arsenic presence, initial solution pH, and ferrous iron 
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ions) were also found for the 90-day aged samples (p-value > 0.05) (Table 4-7).  It 
appears that the observed shifting of the major XRD peaks of different samples relative to 
that of the GIH E33 media for 21.42° and 36.9° diffraction angles were due to the 
randomness in the XRD observations and do not reflect the contribution of different 
experimental factors studied in this work.  
4.3.3.3 Peak-widths 
 In addition of using crystalline iron fractions for understanding the crystalline 
changes of different iron oxide media, the FWHM values of different major XRD peaks 
were also compared (sample IDs: 1-4, 13-16, and 25-28; Table 4-2). FWHM values could 
be used to observe any peak broadening in a sample due to the effects of different 
experimental conditions. In general, observed peak broadening reflects the combined 
effects of the following components: (1) Instrumental broadening, (2) Size broadening 
due to the small crystallite size (diameter < 100 nm), (3) Strain broadening due to the 
shifting of atoms from their ideal positions, and (4) Extended defects due to the terminal 
structural changes in a crystal. In this study, FWHM values of different samples were 
compared after correcting for the instrumental broadening. Thus any observed change in 
the FWHM values of different samples was assumed to be an overall indicator of any 
change in crystallite size and strain, and structural defects due to the combined effects of 
different experimental factors. 
Fig. 4-23 shows the comparison of the FWHM values of different samples 
(samples IDs: 1, 3, 13, 15, 25, and 27; Table 4-2) relative to those of the GIH E33 media 
for the two diffraction angles (2θ) = 21.42° and 36.9° (both ferrous iron and arsenic ions 
absent during the aging process). The FWHM values of the fresh media (sample IDs: 1 
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and 3) were observed to increase relative to that of the GIH E33 media (Fig. 4-23), 
indicating the widening of the major XRD peaks due to the combined effects of different 
ions present in the solution. The FWHM values were observed to increase with initial 
solution pH for samples aged for 90-days relative to that of the GIH E33 media (Fig. 4-
23). However, as samples were aged for longer period (i.e., 180 days), FWHM value was 
observed to decrease irrespective to the solution pH (Fig. 4-23), indicating a combined 
effect of solution pH and aging time on FWHM value (or peak broadening) of iron oxide 
samples.  For samples aged in the presence of ferrous iron ions (samples IDs: 2, 4, 14, 16, 
and 28; arsenic absent during the aging process), large increase in the FWHM values was 
observed for pH 8 samples relative to those of the GIH E33 media (Fig. 4-24). These 
FWHM values were observed to increase for 90-days of aging compared to the 180-days 
of aging (Fig. 4-24), similar to the trends of the FWHM values observed for samples aged 
without ferrous iron ions (Fig. 4-23), suggesting no interaction amongst aging time, 
initial solution pH, and ferrous iron ions. The FWHM value of the 180-day aged sample 
was observed to decrease significantly relative to that of the fresh and GIH E33 media 
(Fig. 4-24). Observed decrease in FWHM (or peak broadening) values of two major 
peaks indicated that the peak-widths are shrinking with time, i.e., the media is becoming 
more crystalline with aging time. 
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Figure 4-23: Full-width at Half-maximum Values of Different Samples Relative to 
that of the GIH E33 Media for Two Diffraction Angles:  (a) 21.42° (b) 36.9° (Both 
Ferrous Iron Ions and Arsenic Absent During the Aging Process) 
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Figure 4-24: Full-width at Half-maximum Values of Different Samples Relative to 
that of the GIH E33 Media for Two Diffraction Angles:  (a) 21.42° (b) 36.9° (Ferrous 
Iron Ions Present and Arsenic Ions Absent During the Aging Process) 
 
 
 
Figures 4-25 and 4-26 show FWHM values of different samples aged in the 
presence of arsenic ions (samples 1-4, 9-12, and 21-24; Table 4-2). Fig. 4-25 shows the 
comparison of FWHM values of different samples (samples IDs: 1, 3, 9, 11, 23, and 25) 
relative to that of GIH E33 media (ferrous iron ions absent and arsenic present during the 
aging process). Irrespective of the initial solution pH used in the aging process, FWHM 
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values were observed to increase with aging time (Fig. 4-25), i.e., the widening of peak-
widths with aging time for samples aged in the presence of arsenic ions. For extended 
aging (i.e., 180 days of aging), FWHM values were observed to decrease for pH 8 
samples (Fig. 4-25), indicating the dominant effect of aging time on peak-width. When 
ferrous iron was also present during the aging process (samples IDs: 2, 4, 10, 12, 22, and 
24; Table 4-2; arsenic present during the aging process), a greater increase in the FWHM 
values was observed for the samples aged for 90 days in the solution of high pH relative 
to that of the GIH E33 (Fig. 4-26).  
The interaction plots of aging time, initial solution pH, and ferrous iron ions for 
two different diffraction angles are shown in Figs. G-12 to G-17 (Appendix G). It appears 
that aging time is interacting with initial solution pH (Figs. G-12 and G-13) and ferrous 
iron ions (Figs. G-14 and G-15) in influencing the widths of the two different major 
peaks. In addition, an interaction was also observed between initial solution pH and 
ferrous iron ions in influencing the FWHM values of two different major peaks (Figs. G-
16 and G-17). With aging, the media becomes more crystalline and results in the 
shrinking of peak-width or the reduction in FWHM value. However, as media was 
exposed to different ions during the aging process, it appears that some interaction 
between ions and aging time might have resulted in the observed trend of increase of 
FWHM values (i.e., widening of the peaks and reduction in the extent of crystallinity) for 
90-days of aging, followed by decrease of FWHM values (i.e., sharpening of the peaks 
and increase in the extent of crystallinity) for 180-days of aging. 
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Figure 4-25: Full-width at Half-maximum Values of Different Samples Relative to 
that of the GIH E33 Media for Two Diffraction Angles:  (a) 21.42° (b) 36.9° (Ferrous 
Iron Ions Absent and Arsenic Ions Present During the Aging Process) 
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Figure 4-26: Full-width at Half-maximum Values of Different Samples Relative to 
that of the GIH E33 Media for Two Diffraction Angles:  (a) 21.42° (b) 36.9° (Both 
Ferrous Iron and Arsenic Ions Present During the Aging Process) 
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To understand the combined effects of arsenic presence, initial solution pH, and 
ferrous iron ions on peak-widths of different major XRD peaks, the FWHM values of the 
90-day aged samples were analyzed (sample IDs: 9-16; Table 4-2).  Interactive plots of 
different factors (Fig. G-18 to G-20) show that different factors are interacting in 
influencing the peak-widths of the 90-day aged samples. Initial solution pH appears to 
interact with ferrous iron (Fig. G-18) and arsenic presence (Fig. G-19) in influencing the 
peak-widths of different samples. It appears that the XRD peaks are shrinking in the 
presence of ferrous iron ions and the shrinking is larger for the high pH samples (based 
on 2θ = 36.9°; Fig. G-18). Similar trends of shrinking of the XRD peaks (i.e., increase in 
the extent of crystallinity) were observed when media was aged in the presence of arsenic 
ions (based on 2θ = 36.9°; Fig. G-19). The increase in the extent of crystallinity was 
larger for high pH samples. Also, ferrous iron appears to interact with arsenic presence 
(Fig. G-20). It appears that the extent of crystallinity of the iron oxide media would 
change during its application to treat an arsenic-contaminated groundwater in the 
presence of ferrous iron ions for 90-day contact duration and the media might become 
more crystalline in the presence of an alkaline groundwater. 
In order to assess the significance of the effects of different factors on peak-
widths of major peaks of different samples, linear regression models were fit between 
FWHM values of two major diffraction angles of different samples and experimental 
factors and their statistical significance for a 0.05 level test were determined for different 
cases (Table 4-7). None of the factors were found to be significant at a 0.05 level test (p-
values > 0.05) (Table 4-7), indicating no significant influence on the observed changes in 
the FWHM values of different samples.  
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4.3.4 Association between Crystalline Iron Fractions and Mineralogical Changes of 
Different Iron Oxide Samples 
Observed changes in the crystalline iron fractions could be attributed to the 
combined effects of different experimental factors, such as aging time, initial solution 
pH, and the presence of arsenic and ferrous iron ions during the aging process (Table 4-
8). These factors have been reported to influence the rate and extent of the phase 
transformation of different iron oxide solids (Baltpurvins et al. 1996; Schwertmann and 
Cornell 2000; Pedersen et al. 2006). To understand the relationships between crystalline 
iron fractions and mineralogical changes of different iron oxide samples, non-parametric 
spearman’s correlation coefficients were determined amongst different experimental 
factors and observable variables (Tables 4-15). Crystalline iron fraction was observed to 
positively correlate with aging time (Spearman’s correlation coefficient: 0.488 and p-
value = 0.018) and negatively correlate with initial solution pH (Spearman’s correlation 
coefficient: -0.637 and p-value =0.001) (Table 4-9). No significant correlation was 
observed between crystalline iron fraction and other factors, such as arsenic presence, 
ferrous iron presence, and intermediate pH adjustment (p-value > 0.05; Table 4-9). No 
significant associations were observed between crystalline fraction of media and FWHM 
values at two diffraction angles: 2θ = 21.42° and 36.9° (Table 4-9 and Fig. 4-27).  None 
of the factors were observed to be significantly associated with FWHM values (p-value > 
0.05; Table 4-9). The full-width at half-maximum values at two diffraction angles, 21.42° 
and 36.9° were observed to positively correlated (Spearman’s correlation coefficient: 
0.422 and p-value <0.05; Table 4-9, Fig. 4-28). 
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Table 4-8: Statistical Significance of the Effects of Different Factors Influencing the 
Crystallinity of Iron Oxide Media based on Three Indicators: Crystalline Iron 
Fraction, Shifting and Change of the Significant XRD peaks at Two Diffraction 
Angles (2θ) = 21.42° and 36.9° 
Case Factors 
Significant Factors* 
Based on 
Crystalline Iron 
Fractions (n =2) 
Based on 
Shifting of 
Peaks   
(N3 =1) 
Based on 
Changes in 
Peak-
widths  
 (N3 =1) 
Without pH Adjustments 
All samples Ferrous iron 
ions, Initial 
solution pH, 
Aging time, 
Arsenic 
presence 
 
Initial solution pH, 
Aging time (180 
days) 
None None 
Aging of 
media in the 
absence of 
arsenic ions 
(sample 
IDs:1-4 and 
13-16) 
Ferrous iron 
ions,  Initial 
solution pH, 
Aging time 
 
Initial solution pH None None 
Aging of 
media in the 
presence of 
arsenic ions 
(sample 
IDs:9-12 and 
21-24) 
Ferrous iron 
ions, Initial 
solution pH, 
Aging time 
 
Initial solution pH, 
Aging time, Initial 
solution pH × 
Aging time 
None None 
Aging of 
media for 90 
days (sample 
IDs:9-16) 
Ferrous iron 
ions, Initial 
solution pH, 
Arsenic 
presence 
 
Initial solution pH, 
Arsenic presence 
None None 
With pH Adjustments 
Fresh media 
(sample IDs: 
1-8) 
Initial solution 
pH, Ferrous 
iron ions, 
Intermediate 
pH adjustments 
Ferrous iron ions, 
Intermediate pH 
adjustments 
NA NA 
*Significance at 0.05 level 
NA-Not applicable, due to media disintegration, n-numbers of samples used for analysis 
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Table 4-9: Spearman’s Correlation Coefficients (Iron Content in E33 Media: 592 ± 
32 mg/g) (All Data from the First Replicate) 
  Aging 
Time 
As1 Fe(2+)1 pH0 
 
 
pH 
Adj.2 
Icry FWHM1 FWHM2 
Aging 
Time 
Coeff. 1.000 0.496* -0.056 0.056 -0.550* 0.488* -0.195 -0.031 
Signif.  0.016 0.801 0.801 0.007 0.018 0.372 0.890 
          
As1 
Coeff. 0.496* 1.000 0.032 -0.032 -0.335 0.282 -0.041 0.110 
Signif. 0.016 . 0.886 0.886 0.118 0.192 0.852 0.617 
          
Fe(2+)1 
Coeff. -0.056 0.032 1.000 0.045 0.020 -0.210 -0.066 -0.177 
Signif. 0.801 0.886 . 0.837 0.928 0.336 0.766 0.419 
          
pH0 
Coeff. 0.056 -0.032 0.045 1.000 -0.020 -0.637* -0.053 -0.243 
Signif. 0.801 0.886 0.837 . 0.928 0.001 0.812 0.264 
          
pH 
Adj.2 
Coeff. -0.550* -0.335 0.020 -0.020 1.000 -0.035 0.087 0.138 
Signif. 0.007 0.118 0.928 0.928 . 0.875 0.695 0.529 
          
Icry 
Coeff. 0.488* 0.282 -0.210 -0.637* -0.035 1.000 -0.175 0.064 
Signif. 0.018 0.192 0.336 0.001 0.875 . 0.424 0.771 
          
FWHM1 
Coeff. -0.195 -0.041 -0.066 -0.053 0.087 -0.175 1.000 0.422* 
Signif. 0.372 0.852 0.766 0.812 0.695 0.424 . 0.045 
          
FWHM2 
Coeff. -0.031 0.110 -0.117 -0.243 0.138 0.064 0.422* 1.000 
Signif. 0.890 0.617 0.419 0.264 0.529 0.771 0.045 . 
Coeff.-correlation coefficient, FWHM-Full-width at half-maximum value, FWHM1-FWHM for 21.42°, 
FWHM2-FWHM for 36.9°,Signif.-Significance, Icry-crystalline iron fraction, 2θ-diffraction angle 
1Presence during incubation process (o if absent during aging and 1 if present during the aging process) 
2The initial solution pH was adjusted to pH 3 for 12 hours and then brought back to the initial solution pH 
*Correlation is significant at the 0.05 level (2-tailed). 
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Figure 4-27: Scatter Plot showing Association between Crystalline Iron Fractions 
and Full-width at Half-maximum values for Diffraction Angles: 21.42° and 36.9°. 
FWHM-Full-width at half-maximum value 
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Figure 4-28: Scatter Plot showing Association between Full-width at Half-maximum 
values for Diffraction Angles: 21.42° and 36.9°. 
2θ-diffraction angle 
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4.4 SUMMARY AND CONCLUSIONS 
The objectives of this research work were to understand the combined effects of 
pH, ion types, and aging time on phase transformation of a commercially available 
granular iron oxide-based media, GIH E33.  The important results of this research work 
are summarized below: 
1. Crystalline iron fractions were observed to be more than 99% for all the samples 
studied. No major iron oxide phase change was observed during the aging studies. 
Arsenic and other ions were not observed to be introduced in the XRD spectra of 
different iron oxide samples. 
2. Initial solution pH and aging time appear to be the significant factors affecting the 
extent of crystallization of different iron oxide samples. Crystalline iron fraction 
was observed to negatively correlate with initial solution pH (Spearman’s 
correlation coefficient: -0.637 and p-value = 0.001) and positively correlate with 
aging time (Spearman’s correlation coefficient: 0.488 and p-value = 0.018). The 
extent of crystallization was observed to increase with aging time and it was 
observed to be higher for the samples aged in the low solution pH.  
3. The presence of arsenic ions during the aging process also appears to govern the 
structural changes in the iron oxide media and the extent of crystallization was 
observed to increase when samples were aged in the process of arsenic ions. The 
interaction between initial solution pH and aging time was observed to be 
significant when media was aged in the presence of arsenic.  
4. When intermediate pH adjustments were used for some of the iron oxide samples, 
ferrous iron ions and intermediate pH adjustments were observed to influence the 
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crystallinity of the fresh iron oxide media. The extent of crystallization of iron 
oxide was observed to decrease when the media was aged in the presence of 0.3 
mg/L ferrous iron ions. However, due to the effect of intermediate pH 
adjustments, the extent of crystallization of the iron oxide media was observed to 
increase.   
5. None of the experimental factors studied were observed to be significantly 
influence the shifting and widths of two major peaks, suggesting no mineralogical 
changes during the aging process.  
6. No significant association was observed between crystalline iron fractions and 
changes in the XRD peak-widths at 21.42° and 36.9° diffraction angles for the 
samples studied for the “without pH adjustments” scenario (p-values for the 
significance of non-parametric spearman’s correlation coefficients > 0.05).  
It appears that the extent of crystallization would increase for iron oxide media 
exposed to an arsenic-contaminated groundwater with ~ pH 6 compared to the alkaline 
arsenic-contaminated groundwater. In addition, the extent of crystallization of iron oxide 
media would increase during the intermediate pH adjustments scheme. However, the 
extent of the crystallization of iron oxide media could be reduced by raising the solution 
pH and reducing the contact time. Further work is required to optimize the intermediate 
pH adjustment conditions (i.e., adjustment duration, solution pH, and temperature).  The 
observed changes in the crystallinity of the iron oxide media are specific to the conditions 
used (i.e., exposure of media to a synthetic groundwater prepared by simulating the water 
quality characteristics of an arsenic-bearing well in the southwestern U.S.). Thus, further 
research work is required to develop a detailed understanding of the effects of these 
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factors on the crystalline structure of the iron oxide media using different concentrations 
of ferrous iron ions and arsenic ions at near-neutral solution pH at room temperature for 
longer periods (i.e., > 1 years) to observe any significant structural changes and their 
influence on the overall adsorptive capacity of the crystalline iron oxide media.  
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CHAPTER 5: CONCLUSIONS AND FUTURE RESEARCH WORKS 
 
5.1 CONCLUSIONS 
This study focuses on two objectives to improve arsenic adsorptive capacities of 
iron oxide-based adsorbents. The first objective was to improve arsenic removal 
effectiveness of iron oxide-based adsorbent (kinetics and extent of arsenic removal) by 
investigating the potential of using fibrous materials to develop iron oxide-based sorbents 
for arsenic removal. This objective was based on the hypothesis that fibrous materials can 
retain higher iron loading and can provide faster and greater arsenic removal compared to 
conventional substrate, such as sand due to their high specific surface area. The second 
objective of this work was to understand the combined effects of near-neutral solution pH 
levels, ion types, and concentrations typical of an arsenic contaminated groundwater on 
phase transformation of an iron oxide-based media. There is a possibility that different 
ions, such as ferrous iron, sulfate, nitrate, chloride, etc., commonly found in groundwater 
may affect the crystalline structure of iron oxide media and influence its arsenic 
adsorption capacity over time.   
To investigate the potential of fibrous materials to develop iron oxide-based 
arsenic adsorbents, four different commercially available fibrous materials: 
polypropylene, polyester, fiberglass, and cellulose were coated with iron oxide under 
different conditions and their arsenic removal effectiveness was studied in batch and 
column studies. The important results of this part of the research work are summarized 
below: 
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1. All fibers, polypropylene, polyester, cellulose, and fiberglass, were observed to 
retain iron oxide coatings, which could be attributed to the combined effects of 
their material properties, coating methods, and conditions used. Polypropylene, 
polyester, and cellulose appear to have iron retention capacity that is comparable 
to sand. Iron loadings of 33-41 mg Fe/g media were obtained on all the fibers for 
coating at room temperature. Coating at room temperature was preferred for all 
the materials except fiberglass insulation for which higher iron loadings were 
obtained at higher temperature (110°C).   
2. The iron loading of 206 ± 32 mg Fe/g on fiberglass insulation fibers exceeded the 
reported iron loadings of 21-45 mg Fe/g on sand (coating conditions: 110°C 
tempcoating, 1.3 pHcoating, and 0.25M Fecoating). Much of this advantage is 
attributable to the higher specific surface area of fiberglass. However, the 
advantage over sand is actually greater than would be predicted based on BET 
surface areas. Polyester, polypropylene, and cellulose retained somewhat more 
iron than sand but less than fiberglass based on this study.  
3. Scanning electron micrographs of iron oxide-coated fiberglass insulation indicate 
that the iron oxide coating is irregular, and some leaching of iron may be expected 
due to weak bonding of the iron oxide with the fibrous materials. The iron oxide 
coating on coated fiberglass fibers was observed to be a combination of 
akaganeite and goethite iron oxide phases. 
4. Batch adsorption studies of arsenic on iron oxide-coated fibers indicated that 
these coated fibers appear to have faster arsenate adsorption kinetics than iron 
oxide-coated sand.  More than 90% arsenate was removed from synthetic 
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groundwater by all iron oxide-coated fibrous materials (sorption density: 0.0094-
0.0099 mg As/g media) as compared to the 80% removal by iron oxide-coated 
sand within first 12 hours of the experiment. However, arsenate adsorption 
kinetics of iron oxide-coated fiberglass is still slower than other fibrous arsenate 
adsorbents, such as hybrid (polymer/inorganic) fibers and hybrid ion exchange 
fibers. 
5. Arsenate mass-transfer was observed to be limited by the external mass-transfer 
resistance initially and intra-particle mass-transfer resistance subsequently, which 
could be improved by introducing additional reactive sites on the fibers surface.  
6. Iron oxide-coated fibers had higher arsenate adsorption densities than iron oxide-
coated sand, while the cellulose fibers had the highest arsenate adsorption density 
among all the fibers tested probably due to the availability of arsenic bonding 
surface functional groups (carboxylic acids, etc.). Fiberglass achieved the second 
highest arsenate adsorption concentration and its breakthrough arsenate 
adsorption capacities was varied from 0.44 mg As/g media (i.e., 1.9 mg As/g Fe) 
for FGI110 fibers (coating conditions: 110°C tempcoating, 1.3 pHcoating, and 0.25M 
Fecoating) to 0.74 mg As/g media (i.e., 1.7 mg As/g Fe) for FGI110_2.5M fibers 
(coating conditions: 110°C tempcoating, 1.3 pHcoating, and 2.5M Fecoating). 
7. Markedly higher sorption densities of 0.13 and 0.23 mg As/g media for 20 μg/L 
aqueous phase arsenic concentration at equilibrium were obtained for FGI110  
and Cell25 (coating conditions: 25°C tempcoating, 1.3 pHcoating, and 0.25M Fecoating), 
suggesting that these novel iron oxide-coated fibrous materials may offer 
advantages over iron oxide-coated sand. However, these materials have lower 
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arsenate adsorption densities than commercially available microporous metal 
hydroxide media and thus, further research has the potential to improve the 
performance of these materials. 
To understand the combined effects of pH, ion types, and aging time on phase 
transformation of an iron oxide-based media, batch studies were conducted by exposing a 
granular iron hydroxide media to a synthetic groundwater containing different 
concentrations of ferrous iron (0 and 0.3 mg/L) and arsenic ions (0 and 60 mg/L) at two 
near-neutral solution pH (pH 6 and pH 8) for three aging times (none, three- and six 
months). The combined effects of time, pH, and ions were studied by observing changes 
in mineralogy of media and extent of crystallinity (i.e., acid-extractable iron fractions) of 
iron oxide media. The important results of this part of the research work are summarized 
below: 
1. Crystalline iron fractions were observed to be more than 99% for all the samples 
studied. No major iron oxide phase change was observed during the aging studies. 
Arsenic and other ions were not observed to be introduced in the XRD spectra of 
different iron oxide samples, studied under different concentrations of ferrous iron 
and arsenic ions at two near-neutral solution pH for three aging times. 
2. Initial solution pH and aging time appear to be the significant factors affecting the 
extent of crystallization of iron oxide samples, and the extent of crystallization 
was observed to increase with aging time and low solution pH. This interaction 
was also observed to be significant for iron oxide samples, aged in the presence of 
arsenic ions. The extent of the crystallization of iron oxide media appear to be 
reduced by raising the solution pH and reducing the contact time. 
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3. The extent of crystallization of iron oxide was observed to decrease for samples, 
aged in the presence of 0.3 mg/L ferrous iron ions and increase during the 
intermediate pH adjustment studies.  
4. None of the experimental factors studied were observed to be significantly 
influence the shifting and widths of two major peaks, suggesting no mineralogical 
changes during the aging process. 
 
5.2 FUTURE RESEARCH WORKS 
To achieve high adsorption rate and high adsorption capacity, an iron oxide-based 
arsenate adsorbent should have high number of accessible active iron sites (i.e., high 
surface area and relatively amorphous iron oxide phase) (Badruzzaman et al 2004; Guo 
and Chen 2005; Kim et al 2004; Xu and Axe 2005; Zeng 2004; Ghimire et al 2003; 
Driehaus et al 1998; Fuller et al 1993). Thus, further experiments are warranted to make 
these coated fibers, particularly iron-oxide-coated fiberglass fibers, competitive with 
other commercially available arsenic adsorbents. To achieve this objective, coating 
conditions should be adjusted to introduce active iron-sites (i.e., amorphous phase iron 
oxide) for arsenic adsorption and to uniformly and strongly coat the iron-oxide on the 
fibrous material. In addition, these surface adsorption sites have been shown to reduce 
intraparticle diffusion and provide faster adsorption rates (Yoshioka 1985; Suzuki 1991, 
Dominguez et al 2002; Greenleaf et al 2006, Vatutsina et al 2007). For a given iron 
loading, an amorphous iron-oxide phase has been reported to provide higher arsenic 
removal as compared to other crystalline iron-oxide phases (Fuller et al. 1993; 
Schwertmann and Cornell 2000). As an alternative matrix, fibrous porous materials, 
  
184 
synthesized using glass fiber substrate, could be explored for developing iron-oxide-
based fibrous arsenic adsorbents. These porous materials have been reported to remove 
chemical contaminants, such as benzene, toluene, ethylbenzene, and xylene (BTEX) and 
chemical warfare agent simulants (Yue et al. 2001; 2002; 2003) and arsenite (Dominguez 
et al. 2002) from water. Also, future research work, focusing on the introduction of more 
active iron sites on fiberglass fiber’s surface, for example, immobilizing of iron by 
chelating ligands, amino acids fixed on fiber’s surface (Yokoi et al. 2004), may help in 
improving the arsenate adsorption rate and equilibrium capacity of these fibers.  
In general, the application of fibers for developing iron-oxide based arsenic 
adsorbents appears to be promising and future research for maximizing arsenic removal is 
justified. The development of these coated fibers is in the experimental phase. Upon the 
successful modifications in the coating procedure to strongly bind the iron with fibers, 
these coated fibers may be able to compete with other commercially available arsenic 
adsorbents, such as granular ferric hydroxide. These coated fibers may be suitable for 
multi-use applications, but further study would be needed to assess their ease of 
regeneration and performance over multiple cycles. 
Following are the two important recommendations: (1) Utilities should compare 
different arsenic removal technologies by considering their arsenic removal effectiveness 
and life-cycle costs using a metric, such as cost of arsenic removal per gram of media, 
and (2) Utilities should monitor the progress of the development of novel technologies, 
including iron-oxide-coated fibers. While microporous metal hydroxide media appear to 
be the technology of choice for small water suppliers at this point, a number of alternative 
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strategies, such as zero-valent iron and iron-coated materials, are close to being cost 
competitive.  
The results of the phase transformation studies indicated that the extent of 
crystallization of iron oxide media could be reduced by increasing the solution pH and 
reducing the contact time, however, these changes in the crystallinity of the iron oxide 
media are specific to the conditions used (i.e., exposure of media to a synthetic 
groundwater prepared by simulating the water quality characteristics of an arsenic-
bearing well in the southwestern U.S.). Thus, further research work is required to develop 
a detailed understanding of the effects of these factors on the crystalline structure of the 
iron oxide media using different concentrations of ferrous iron ions and arsenic ions at 
near-neutral solution pH at room temperature for longer periods (i.e., > 1 years) to 
observe any significant structural changes and their influence on the overall adsorptive 
capacity of the crystalline iron oxide media. In addition, the study of the effects of 
intermediate pH adjustment scheme on the crystallinity of iron oxide media, exposed to 
different groundwater types, is also required to understand if such approaches may 
improve the adsorption capacity of iron-based adsorbents.   
Understanding how adsorption densities of different iron oxide-based adsorbents 
change with time may provide a basis for alternative column designs for treatment of an 
arsenic-contaminated groundwater. For example, the common practice of operating two 
columns in series, a roughing column followed by a polishing column, may be inefficient. 
The polishing column would be exposed to water and undergoing phase transformation 
for a year before being put into service as the primary adsorbent. Thus much of its 
adsorption capacity may be dissipated while it is serving as the polishing column. In 
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general, rather than designing with relatively long empty bed contact times to provide 
long run lengths, it may be more effective to design for very short contact times and use 
an alternative treatment process for polishing, such as ion exchange or a more stable 
adsorbent.  
Batch isotherm tests and rapid small-scale column tests (RSSCTs) (Crittenden et 
al. 1991) may be used to compare the arsenic removal effectiveness of different 
adsorbents for selecting an appropriate arsenic adsorbent for an arsenic-contaminated 
groundwater. Batch isotherm tests provide the equilibrium arsenic adsorptive capacities 
of different iron oxide media and do not capture the dynamic aspect of the phase 
transformation of the iron oxide media. The other method, rapid small-scale column tests 
have been recently used to assess the performance of activated-carbon based adsorbents 
(Crittenden et al. 1991) and granular iron hydroxide media (Badruzzaman et al. 2004) on 
a time scale of weeks, rather than months or years. While these tests allow for differing 
intra-particle diffusion rates in the small-scale and full-scale applications, they do not 
allow sufficient time to media to transition to a lower affinity form during the short 
duration of the RSSCTs as it would during full-scale applications. As these methods do 
not capture the dynamic aspect of the phase transformation of the iron oxide media, they 
may overestimate adsorbent’s arsenic adsorptive capacity.  
In addition, current adsorption-based predictive models, used for predicting 
arsenic removal effectiveness of iron oxide-based adsorbents, assume only one iron oxide 
phase and do not capture the dynamics of the phase transformation of an iron oxide 
media (Edwards 1994; Dzombak and Morel 1990; Westall et al 1976). Depending on the 
stability (i.e., order of structure) and phase, an iron oxide-based media transforms to 
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another stable and ordered iron oxide phase and possesses different arsenic adsorptive 
capacities (Fuller et al. 1993; Waychunas et al. 1993; Schwertmann and Cornell 2000) 
which warrants due consideration in the application of different adsorption-based 
predictive models (Ford 2002; Pedersen et al. 2006). Experimental and modeling efforts 
are required to combine stability (i.e., dynamics of the phase transformation process) and 
adsorptive aspects of iron oxide-based media. 
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APPENDIX A: LIST OF SYMBOLS 
 
a Elovich model constant 
Å Angstrom 
Acs Molecular cross-sectional area of the adsorbate molecule 
As Specific surface area 
As(III) Arsenite ions 
As(V) Arsenate ions 
As(V)0 Initial arsenate ions 
α Probability of rejecting a null hypothesis when it is true 
b Langmuir constant 
b1 Elovich model constant 
cm Centimeter 
C Arsenic concentration at time t 
C0 Initial arsenic concentration 
d Interplanar spacing 
D Diffusion coefficient of solution species in water 
Deff Effective coefficient of diffusion 
°C Degree centigrade 
°K Degree Kelvin 
Eh Redox potential 
η2 Eta squared statistic 
F F-statistic 
Feacid Acid-soluble iron content 
Fetotal Total iron content of the GIH E33 media 
Fe0 Zero-valent iron 
Fe2+ Ferrous iron ions 
Fe3+ Ferric iron ions 
Fecoating Initial iron concentration used in the iron oxide coating process 
Goth Goethite 
g Gram 
h Hour 
H Column height 
i Intercept of linear model for BET surface area determination 
IAs An indicator for arsenic presence, which has a value of 0 if no arsenic is 
present during the aging process and 1 if arsenic is present during the aging 
process 
Ias Acid-soluble iron fraction of an aged-iron oxide media 
Ias,0 Acid-soluble iron fraction of a fresh media 
Icry Crystalline iron fraction 
IFe An indicator for ferrous iron, which has a value of 0 if ferrous iron is absent 
and 0.3 mg/L if ferrous iron is present during the aging process 
IpH An indicator for pH, which has a value of 0 for initial solution pH 6 and 1 
for initial solution pH 8. 
IpHadj An indicator for intermediate pH adjustments (= 0  when no intermediate pH 
adjustment was used and 1 when intermediate pH adjustment was used) 
It An indicator for aging time, which has a value of 0 if aging time is 90-day 
and 1 if aging time is 180-day 
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It×pH An indicator for interaction between aging time and initial solution pH 
(value = 0 if both factors are not at the same level and 1 if both factors are at 
the same level) 
I90 An indicator for aging of 90-day, which has a value of 0 if aging time is 
different than the 90-day and 1 if aging time is 90-day 
I180 An indicator for aging of 180-day, which has a value of 0 if aging time is 
different than the 180-day and 1 if aging time is 90-day 
kV kilovolt 
ks1 Pseudo-first order rate constant 
ks2 Pseudo-second order rate constant 
K Equilibrium constant 
k1 First-order rate constant 
k2 Second-order rate constant 
Kdecay Decay constant of acid-soluble iron fraction 
Kf Freundlich arsenate density 
Kext External mass-transfer diffusion constant 
KU&T The Urano and Tachikawa intraparticle diffusion constant 
KW&M The Weber and Morris intraparticle diffusion constant 
l Length of fiberglass fiber 
L Liter 
λ Wavelength of the incident beam 
m Meter 
mA Milliamperes 
mM Milimoles 
mg Milligrams 
min Minutes 
mol Number of moles 
mL Milliliter 
M Molarity 
Mw Molecular weight of the adsorbate molecule 
μg Microgram 
μm Micrometer 
nm Nanometer 
N Avogadro’s  number (6.023×1023 molecules/mole) 
NAs Total number of arsenate ions adsorbed in iron oxide coating 
Ncrystallites Number of goethite crystallites 
Np Number of parameters for isotherm models 
N1 Number of samples during adsorption kinetics 
N2 Number of samples during isotherm studies 
N3 Number of samples for mineralogical analysis 
nAs Number of arsenate ions adsorbed on a goethite crystallite 
nf Adsorption intensity 
pC Negative of logarithmic of concentration 
pH Negative of logarithmic of hydrogen ion concentration 
pH0 Initial solution pH 
pHcoating Coating pH 
P Pressure 
Pe Pecklet number 
P0 Standard pressure 
Q experimental arsenate adsorption density 
Qeq Equilibrium arsenate adsorption capacity  
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Qm maximum adsorption density 
Qmod Modeled arsenate adsorption density 
r1 Separation factor 
RAs Radius of an arsenate ion 
Rc Radius of fiberglass fibers 
Reff Radius of iron oxide-coated fiberglass fibers 
Rg Radius of a goethite crystallite 
R2 Coefficient of determination 
R2adj Adjusted coefficient of determination 
ρ Density of uncoated fiberglass material 
s Second 
S Slope of  linear model for BET surface area determination 
σ Standard deviation of residuals 
Θ Diffraction angle 
t Time 
tA Aging time  
tstatistic Statistic for a t-test 
t0.5 50% arsenate removal time 
tempcoating Coating temperature 
VAs Volume of an arsenate ion 
v interstitial pore velocity 
w Weight of gas adsorbed at a relative pressure 0/ PP  
Wm weight of adsorbate constituting a monolayer of surface coverage 
X BET constant 
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APPENIIX B:  LIST OF ABBREVIATIONS AND ACRONYMS  
 
a.u. Arbitrary units 
Ak Akaganeite 
ANOVA An analysis of variance 
As_No Fe Samples aged in the presence of arsenic without ferrous iron ions 
As_Fe Samples aged in the presence of both arsenic and ferrous iron ions 
BET Brunauer, Emmett, and Teller 
Breakthrough Conditions corresponding to 20 μg/L As(V) remaining aqueous phase 
arsenic 
BTEX Benzene, Toluene, Ethylbenzene, and Xylene 
BV bed volume 
Cell raw Raw cellulose sponge 
Cell25 cellulose sponge coated using coating conditions (0.25M Fecoating, 1.3 
pHcoating, 25°C tempcoating) 
Coul. Coulombic term 
CI Confidence interval 
Df Degrees of freedom  
Dferror Degrees of freedom of error 
Dftotal Degrees of freedom for the full model 
EPA Environmental Protection Agency 
EPWUPSB El Paso Water Utilities’ State Board 
FGI raw raw fiberglass insulation  
FGI110 fiberglass insulation fibers coated at 110°C using 0.25M initial iron 
concentration (pHcoating = 1.3)  
FGI110_DI fiberglass insulation  coated using coating conditions (0.25M Fecoating, 
1.3  pHcoating, 110°C tempcoating) and exposed to de-ionized water 
FGI110-Two 
step 
two step washing of fiberglass insulation coated using coating 
conditions (0.25M Fe, pH 1.3, 110°C) 
FGI110_Syn
GDW 
fiberglass insulation  coated using coating conditions (0.25M Fecoating, 
1.3  pHcoating, 110°C tempcoating,) and exposed to synthetic groundwater 
FGI110_2.5M Fiberglass insulation fibers coated at 110°C using 2.5M initial iron 
concentration (pHcoating = 1.3)  
FGI110_7d fiberglass insulation fibers coated at 110°C using 2.5M initial iron 
concentration for extended period (7 days) (pHcoating = 1.3) 
FGI110_7d-
Single-step 
single step washing of fiberglass insulation coated using coating 
conditions (0.25M Fe, pH 1.3, 110°C with 7 days drying period) 
Fiberglass 
cloth 25 
fiberglass cloth coated at 25°C, 8.53 pHcoating, and 2.5 M Fecoating 
Fiberglass 
insulation 25 
fiberglass insulation coated at 25°C, 8.53 pHcoating, and 2.5 M Fecoating 
Fiberglas mat 
25 
Fiberglas mat 25- fiberglass mat coated at 25°C, 8.53 pHcoating, and 2.5 
M Fecoating 
Freundlich 
Cell 25 
Freundlich adsorption model for Cell25 
Freundlich 
FGI 110 
 
Freundlich adsorption model for  FGI110 
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Freundlich 
Sand 110 
Freundlich adsorption model for Sand110 
Freundlich 
PETf25 
Freundlich adsorption model forPETf25 
FWHM Full-width at half-maximum  
FWHM_1 Full-width at half-maximum value at 21.42° 
FWHM_2 Full-width at half-maximum value at 36.9° 
FIBAN Fibrous ion-exchanger 
Goth Goethite 
GFH granular ferric hydroxide 
GIH granular iron hydroxide 
HFO Hydrous ferric oxide 
ICP-MS inductively coupled plasma-mass spectrometry  
IB Ion balance 
IP Isotherm parameters 
IOCS Iron-oxide-coated sand 
JCPDS Joint Committee on Powder Diffraction Standards 
Langmuir 
PPm25-   
Langmuir adsorption model for PPm25. 
LDA Lysine-Nα, Nα –Diacetic Acid  
Linear (pH6-
exp) 
Linearized decay model for the pH 6 samples 
MB Mass balance 
MCL maximum contaminant level 
MS Mean of squares 
MU Ionic strength 
NA Not applicable 
NC Not calculated 
NL not listed 
No As_No Fe  Samples aged in the absence of both arsenic and ferrous iron ions, 
No As_Fe Samples aged in the presence of ferrous iron without arsenic ions 
NR not reported 
90d_No 
Ferrous Iron 
Sample aged for 90 days in absence of ferrous iron ions 
90d_0.3mg/L 
Ferrous Iron 
Sample aged for 90 days in the presence of 0.3 mg/L ferrous iron ions 
PETf raw Raw polyester fiber 
PETf25 polyester fiber coated  using coating conditions (2.5M Fecoating, 8.53 
pHcoating,25°C tempcoating) 
pH6-exp Experimental data of the pH 6 samples 
PPm25 polypropylene mat coated using coating conditions (0.25M Fecoating, 7 
pHcoating, 25°C tempcoating) 
PolyHIPE A novel microporous material produced by the polymerization of a high 
internal phase emulsion 
Polypropylene 
fibers 25 
Polypropylene fibers coated at 25°C, 8.53 pHcoating, and 2.5 M Fecoating 
Polypropylene 
mat25 
Polypropylene mat coated at 25°C, 8.53 pHcoating, and 2.5 M Fecoating 
Sand25 sand coated using coating conditions (0.25M Fecoating, 7 pHcoating, 25°C 
tempcoating) 
Sand110  sand coated at 110°C, 8.53 pHcoating, and 2.5 M Fecoating 
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Sand110_Syn
GDW 
Sand coated using coating conditions (0.25M Fecoating,1.3  pHcoating, 
110°C tempcoating) and  exposed to synthetic groundwater. 
SEM scanning electron micrographs 
SPSS Statistical Package for Social Sciences 
SS Sum of squares 
SStreatment Sum of squares of treatment 
SStotal Total sum of squares 
SSAext Specific external surface area available for iron oxide deposition 
SSAint,io Specific internal iron oxide surface area 
SSAtotal Total specific surface area for iron oxide 
SSE Sum of squares of error 
setreatment Standard error of treatment 
2Theta1 Diffraction angle at 21.42° 
2Theta2  Diffraction angle at 36.9° 
USEPA United States Environmental Protection Agency 
U&T Urano and Tachikawa 
Wood25 wood coated at 25°C, , 8.53 pHcoating, and 2.5 M Fecoating 
W&M Weber and Morris 
XRD X-ray powder diffraction 
ZVI Zero-valent iron 
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APPENDIX C: MATHEMATICAL ANALYSIS 
 
C1. An Analysis of Variance (ANOVA)   
The sum of squares ( SS ) of a factor ( treatmentSS ) was calculated using 
Equation C1-1. The total sum of squares ( totalSS ) was calculated using Equation C1-2. 
Using the sum of squares for treatments and total sum of squares, the SS of error term 
( SSE ) was calculated by subtracting the SS of treatments ( treatmentSS ) from the total 
sum of squares (Equation C1-3). These sums of squares values were used to calculate 
means of squares ( MS ) of different factors (Equation C1-4). 
an
YY
n
SS
a
i
itreatment
2
1
2
.
..1
−







= ∑
=
                                                     (C1-1) 
where .iY is the sum of observations of factor at ith level, a is total number of levels for a 
factor, n is number of replicates for a level i , and ..Y  is the grand sum of 
an observations in an experiment. 
an
YYSS
a
i
n
j ijtotal
2
1 1
2 ..−



= ∑ ∑= =                                                                      (C1-2) 
treatmenttotal SSSSSSE −=                                                                      (C1-3) 
Df
SSMS =                                                                                                          (C1-4) 
To determine the significance of main and interaction effects, a F-statistic was 
calculated for every effect using Equation C1-5 and compared with a F-critical value, 
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determined for a given desired level of significance of test (α = 0.05, present case). The 
degree of freedom for error ( errorDf ) was calculated using Equation C1-6.  
error
treatment
MS
MSF =                                                                                              (C1-5)                                                              
where  F is F-statistic, treatmentMS is mean square of a treatment and errorMS is mean 
square of total error.  
anDferror )1( −=                                                                                (C1-6) 
To determine relative contributions of different factors to the overall variance in 
the model, the sum of squares for every treatment was compared with the total sum of 
squares and the Eta squared statistic (
2η ) was calculated using Equation C1-7. The 
standard errors of treatments ( treatmentse ) were calculated using Equation C1-8 and used 
to determine their 95% confidence intervals (CI). These confidence intervals were also 
used to determine their significance (by testing if the CI includes zero).  
total
treatment
SS
SS
=2η                                                                                                    (C1-7)           
na
MSse errortreatment 2=                                                                             (C1-8)             
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C2. Estimation of Effect and Contrast Estimates  
The estimates of contrasts and effects of different factors during the iron oxide 
aging studies were calculated using Equations C2-1 and C2-2, respectively. Equation C2-
1 presents the general expression for determining the estimate of contrast of a factor. The 
sign in each set of parenthesis is negative if the factor is included in the effect and 
positive if it is not included. For example, the expression for calculating the contrast of 
factor A could be written as per the Equation C2-2. Estimates of contrasts are used to 
calculate the estimates of effects of different factors as per Equation C2-3.  
( )( )( ) ( )1.....111.... ±±±±= kcbaContrast KAB             (C2-1) 
where a,b,c,…k are number of levels in factors A, B,C,…K, respectively.  
( )( )( )( )( )11111 ++++−= edcbaContrastA          (C2-2) 
( )( )k
A
A pn
ContrastEffect *2=                                                                     (C2-3) 
where n  is number of replicates, p is number of levels and k  is number of factors.  
The ANOVA analyses, effect estimates, and 95% confidence interval of different 
factors for samples aged during phase transformation studies for the “without pH 
adjustments” scenario are presented below in Tables C-1 through C-6. 
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Table C-1: An ANOVA Analysis for Samples Aged for 90- and 180-days in the 
Presence of Arsenic Ions for the “without pH adjustments” Scenario 
Source Contrast Effect SSE Df F P-value 
Eta-
squared 
Ferrous iron 
 
-3.1×10-3 -3.8×10-4 5.3×10-7 1 3.273 0.1080 2.63% 
Initial solution pH 
 
-1.3×10-2 -1.6×10-3 1.0×10-5 1 61.759 0.0000* 49.62% 
 
Aging time 
 
7.9×10-3 9.9×10-4 3.7×10-6 1 22.851 0.0014* 18.36% 
Initial solution 
pH×Ferrous iron 
 
-4.0×10-4 -5.0×10-4 5.6×10-7 1 3.459 0.1000 2.78% 
Ferrous 
iron×Aging time 
 
-2.9×10-4 -3.6×10-5 5.6×10-8 1 0.346 0.5727 0.28% 
Initial solution 
pH×Aging time 
 
7.3×10-3 9.2×10-4 3.5×10-6 1 21.616 0.0016* 17.37% 
Ferrous iron× 
Initial solution 
pH×Aging time 
 
-9.0×10-4 -1.1×10-4 5.1×10-7 1 3.150 0.1139 2.53% 
Total 
 
  2.0×10-5 15    
Error   2.3×10-6 8    
SSE-Sum of squares of error; Df-Degrees of freedom, F-F statistic 
*Significant at 0.05 level 
 
 
 
Table C-2: 95% Confidence Intervals of the Factor Effects of Samples Aged for 90- 
and 180-days in the Presence of Arsenic Ions for the “without pH adjustments” 
Scenario (Standard Error of Estimate = 2.0×10-4 , 95% CI Component = 4.6×10-4) 
Source Effect Estimate 
95% CI-
Low 
95% CI-
High Remarks
1 
Ferrous iron -3.8×10-4 -8.5×10-4 8.0×10-5 Insignificant 
Initial solution pH -1.6×10-3 -2.0×10-3 -1.1×10-3 Significant 
Aging time 9.9×10-4 5.2×10-4 1.5×10-3 Significant 
Initial solution pH×Ferrous iron -5.0×10-4 -5.1×10-4 4.1×10-4 Insignificant 
Ferrous iron×Aging time -3.6×10-5 -5.0×10-4 4.3×10-4 Insignificant 
Initial solution pH×Aging time 9.2×10-4 4.5×10-4 1.4×10-3 Significant 
Ferrous iron× Initial solution 
pH×Aging time 
-1.1×10-4 -5.8×10-4 3.5×10-4 Insignificant 
1Factor is non-significant if 95% CI includes zero otherwise significant 
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Table C-3: An ANOVA Analysis for Crystallinity of 90-days Aged Samples for the 
“without pH adjustments” Scenario  
Source Contrast Effect SSE Df F P-value 
Eta 
Squared 
Ferrous iron 
 
-3.0×10-3 -3.7×10-4 5.26×10-7 1 2.514 0.1515 1.79% 
Initial solution pH 
 
-2.0×10-2 -2.5×10-3 2.47×10-5 1 118.133 0.0000* 84.04% 
As Presence** 
 
4.9×10-3 6.1×10-4 1.50×10-6 1 7.174 0.0280 5.10% 
Initial solution 
pH×Ferrous iron 
 
-2.6×10-3 -3.2×10-4 3.90×10-7 1 1.865 0.2092 1.33% 
Ferrous iron×As 
presence 
 
2.1×10-4 2.6×10-5 5.60×10-9 1 0.027 0.8741 0.02% 
Initial solution 
pH× As presence 
 
-8.7×10-5 -1.1×10-5 5.60×10-10 1 0.027 0.8741 0.02% 
Ferrous 
iron×Initial 
solution pH×As 
presence 
 
3.1×10-4 3.8×10-4 6.00×10-7 1 2.870 0.1287 2.04% 
Total 
 
  2.94×10-5 15    
Error   1.67×10-6 8    
SSE-Sum of squares of error; Df-Degrees of freedom, F-F statistic 
*Significant at 0.05 level, **Arsenic presence indicator = 0 (arsenic absent during the aging process) and 1 
(arsenic present during the aging process) 
 
 
 
 
 
Table C-4: 95% Confidence Intervals of the Factor Effects of 90-days Aged Samples 
for the “without pH adjustments” Scenario (Standard Error of Estimate = 2.29×10-4 
and 95% CI Component = 5.27×10-4)  
Source Effect Estimate 
95% CI-
Low 
95% CI-
High Remarks
1 
Ferrous iron -3.7×10-4 -9.0×10-4 1.5×10-4 Insignificant 
Initial solution pH -2.5×10-3 -3.0×10-3 -2.0×10-3 Significant 
As presence* 6.1×10-4 8.3×10-5 1.1×10-4 Significant 
Initial solution pH×Ferrous iron -3.2×10-4 -8.5×10-4 2.1×10-4 Insignificant 
Ferrous iron×As presence -2.6×10-5 -5.0×10-4 5.5×10-4 Insignificant 
Initial solution pH× As presence -1.1×10-5 -5.4×10-4 5.2×10-4 Insignificant 
Ferrous iron×Initial solution pH×As 
presence 
3.8×10-4 -1.4×10-4 9.1×10-4 Insignificant 
* Arsenic presence indicator = 0 (arsenic absent during the aging process) and 1 (arsenic present during the 
aging process), 1Factor is non-significant if 95% CI includes zero otherwise significant 
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Table C-5: An ANOVA Analysis for Crystallinity of Fresh Media (without aging) 
for the “with pH adjustments” Scenario 
Source Contrast Effect SSE Df F P-value 
Eta 
Squared 
Initial solution pH 
 
-5.3×10-4 -6.6×10-5 1.0×10-8 1 0.010 0.9239 0.04% 
Ferrous iron 
 
-1.1×10-2 -1.4×10-3 7.5×10-6 1 7.282 0.0271* 31.08% 
Intermediate pH 
adjustments 
 
9.5×10-3 1.2×10-3 5.5×10-6 1 5.340 0.0496* 22.79 
Initial solution pH× 
Ferrous iron 
 
2.8×10-3 3.5×10-4 4.2×10-7 1 0.408 0.5410 1.74% 
Initial solution pH× 
Intermediate pH 
adjustments 
 
4.2×10-3 5.3×10-4 1.1×10-6 1 1.068 0.3316 4.56% 
Ferrous iron× 
Intermediate pH 
adjustments 
 
-4.4×10-3 -5.5×10-4 1.2×10-6 1 1.165 0.3119 4.97% 
Initial Solution pH× 
Ferrous iron× 
Intermediate pH 
adjustments 
 
1.6×10-3 2.0×10-4 1.6×10-7 1 0.155 0.7038 0.66% 
Total   2.41×10-5 15    
Error   8.24×10-6 8    
SSE-Sum of squares of error; Df-Degrees of freedom, F-F statistic 
*Significant at 0.05 level 
 
 
 
Table C-6: 95% Confidence Intervals on the Factor Effects of Fresh Media (without 
aging) for the “with pH adjustments” Scenario (Standard Error of Estimate = 
5.1×10-4 and 95% CI Component = 1.2×10-3)  
Source Effect Estimate 
95% CI-
Low 
95% CI-
High Remarks
1 
Initial solution pH -6.6×10-5 -1.2×10-3 1.1×10-3 Insignificant 
Ferrous iron -1.4×10-3 -2.5×10-3 -2.0×10-4 Significant 
Intermediate pH adjustments 1.2×10-3 2.3×10-5 2.4×10-3 Significant 
Initial solution pH×Ferrous iron 3.5×10-4 -8.2×10-4 1.5×10-3 Insignificant 
Initial solution pH× Intermediate pH 
adjustments 
5.3×10-4 -6.4×10-4 1.7×10-3 Insignificant 
Ferrous iron× Intermediate pH 
adjustments 
-5.5×10-4 -1.7×10-3 6.2×10-4 Insignificant 
Initial Solution pH×Ferrous iron× 
Intermediate pH adjustments 
2.0×10-4 -9.7×10-4 1.4×10-3 Insignificant 
1Factor is non-significant if 95% CI includes zero otherwise significant 
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C3.  Regression Model  
Model fit was investigated using the estimates of coefficient of determination 
( 2R ) and adjusted coefficient of determination (
2
adjR ), calculated using Equation C3-1 
and C3-2, respectively. 






−=
totalSS
SSER 12                                                                                (C3-1) 



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





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total
total
error
adj
Df
SS
Df
SSE
R 12
                                                                             (C3-2) 
where totalDf is degrees of freedom for the full model (Equation C3-3). 
1−= ktotal npDf                                                                                        (C3-3) 
The diagnostic plots of residuals of different models describing the dependence of 
crystalline iron fraction with different factors studied during the phase transformation 
studies are shown in Figs. C1 through C-9. 
  
  
215 
(a) 
 
(b) 
 
Figure C-1: Normality Tests for Residuals of the Linear Model of Samples Aged for 
90- and 180-days in the Presence of Arsenic Ions for the “without pH adjustments” 
Scenario: (a) Frequency Histogram (mean = 0.000, standard deviation = 0.894), (b) 
Normal Q-Q Plot 
  
216 
 
(a) 
0.994
0.995
0.996
0.997
0.998
0.999
0.994 0.995 0.996 0.997 0.998 0.999
Observed Crystalline Iron Fraction
Pr
ed
ic
te
d 
C
ry
st
al
lin
e 
Iro
n 
Fr
ac
tio
n
 
(b) 
-1.0E-03
-6.0E-04
-2.0E-04
2.0E-04
6.0E-04
1.0E-03
0.994 0.995 0.996 0.997 0.998
Predicted Crystalline Iron Fraction
R
es
id
ua
l
 
Figure C-2: Goodness-of-fit of the Linear Model for Crystalline Iron Fractions of 
Samples Aged for 90- and 180-days in the Presence of Arsenic Ions for the “without 
pH adjustments” Scenario:  (a) Predicted versus Observed Crystalline Iron 
Fractions (The Solid Line Indicates a 1:1 Line to Compare the Predicted Crystalline 
Values with the Observed Crystalline Values, R2 = 0.8585), (b) Residual versus 
Predicted Crystalline Iron  
  
217 
 
(a) 
-1.5E-03
-1.0E-03
-5.0E-04
0.0E+00
5.0E-04
1.0E-03
0 90 180 270
Aging Time(days)
R
es
id
ua
l
 
(b) 
-1.5E-03
-1.0E-03
-5.0E-04
0.0E+00
5.0E-04
1.0E-03
4 6 8 10
Initial Solution pH
R
es
id
ua
l
 
Figure C-3: Variations of Residuals of the Linear Model for Crystalline Iron 
Fractions of Samples Aged for 90- and 180-days in the Presence of Arsenic Ions for 
the “without pH adjustments” Scenario for Independent Variables: (a) Aging Time, 
(b) Initial Solution pH 
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(a) 
 
(b) 
 
Figure C-4: Normality Tests for Residuals of the Linear Model of 90-days Aged 
Samples for the “without pH adjustments” Scenario: (a) Frequency Histogram 
(mean = 0.000, standard deviation = 0.931, N =16), (b) Normal Q-Q Plot  
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Figure C-5: Goodness-of-fit of the Linear Model for Crystalline Iron Fractions of 
90-days Aged Samples for the “without pH adjustments” Scenario:  (a) Predicted  
versus Observed Crystalline Iron Fractions (The Solid Line indicates a 1:1 Line to 
Compare the Predicted Crystalline Values with the Observed Crystalline Values; R2 
= 0.8897), (b) Residual versus Predicted Crystalline Iron Fraction 
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Figure C-6: Variations of Residuals of the Linear Model for Crystalline Iron 
Fractions of 90-days Aged Samples for the “without pH adjustments” Scenario for 
Independent Variables: (a) Initial Solution pH, (b) Arsenic Presence 
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(a) 
 
(b) 
 
Figure C-7: Normality Tests for Residuals of the Linear Model for Fresh Media 
(without aging) for the “with pH adjustments” Scenario: (a) Frequency Histogram 
of Log-transformed Crystalline Iron Fraction of Media (mean = 0.000, standard 
deviation = 0.931, N =16), (b) Normal Q-Q Plot of Log-transformed Crystalline Iron 
Fraction of Media 
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Figure C-8: Goodness-of-fit of the Linear Model for Crystalline Iron Fractions for 
Fresh Media (without aging) for the “with pH adjustments” Scenario: (a) Predicted 
versus Log-transformed Observed Crystalline Iron Fractions (The Solid Line 
indicates a 1:1 Line to Compare the Predicted Crystalline Values with the Observed 
Crystalline Values, R2 = 0.5478), (b) Residual versus Predicted Crystalline Iron 
Fraction 
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Figure C-9: Variations of Residuals of the Linear Model for Crystalline Iron 
Fractions of Fresh Media (without aging) for the “with pH adjustments” Scenario 
for Independent Variables: (a) Intermediate pH Adjustments (0 indicates no pH 
Adjustments and 1 indicates pH Adjustments), (b) Ferrous Iron Ions  
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APPENDIX D: CALCULATION FOR THEORETICAL ARSENIC ADSORPTION 
CAPACITY 
 
 
A theoretical arsenic adsorption capacity on iron oxide (available iron oxide BET 
surface area: 9.13 m2/g) was calculated using an ionic radius of ~ 2 nm for an arsenate 
ion ( AsR ; Badruzzaman, 2004) and crystallite size of 24 nm of goethite iron oxide 
particles (diameter ( gR2 ); surface area of a goethite crystallite: 1.8086×10-15 m2; Frost 
et al. 2005). As the XRD spectra of iron-oxide-coated fiberglass showed that iron-oxide 
coating on fiberglass primarily consists of goethite (Fig. 2-8), the number of goethite 
crystallites ( escrystallitN ), contributing to the total available surface area of 9.13 m2/g, 
was calculated to be 5.048×1015. Using the incremental spherical volume due to arsenate 
adsorption on a crystallite surface ( V∆ ; Equation D-1) and spherical volume of an 
arsenate ion ( AsV ; Equation D-2), the total number of arsenate ions, adsorbed on the 
surface of a goethite crystallite ( Asn ), was calculated to be 504 (Equation D-3).  
 ( ) ( )( )33 223
4
AsgAs RRRV −+=∆
π
                                         (D-1) 
3
4 3As
As
RV π=                                                                                                   (D-2) 
( ) ( )
3
33 22
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RRR
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−+
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The total number of arsenate molecules adsorbed on iron oxide ( AsN ) was calculated 
using the total number of goethite crystallites ( escrystallitN ) and total number of arsenate 
ions adsorbed on a goethite crystallite ( Asn ) ( AsescrystallitAs nNN ×= ; AsN  
= 2.544×1018). Using this estimate of number of arsenate molecules adsorbed on iron 
oxide, arsenic adsorption capacity was calculated to be 0.0347 mg As/m2 (number of 
arsenate moles adsorbed on iron oxide: 4.224 ×10-6, total iron oxide BET surface area: 
9.13 m2/g).   
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APPENDIX E: CHEMICAL EQUILIBRIUM MODELING 
 
Adsorption of arsenic on FGI110 fibers (10 g/L sorbent; 206 mg Fe/g media) was 
modeled using a chemical equilibrium modeling software, MINEQL+ (version 4.5 for 
Windows)47
Specific surface area (m2/g) 
.  Iron oxide on coated fibers was assumed to be hydrous ferric oxide (HFO) 
and pertinent adsorption properties of HFO were obtained from Dzombak and Morel 
(1990) (Table E-1) and the two-layer adsorption model was used. Surface complexation 
reactions and pertinent equilibrium constants are summarized in Table E-2. Aqueous 
phase concentrations of different ions (Table 3-2) are given in Tables E-3 and E-4. The 
concentration of solid-phase species are summarized in Table E-5 indicating that no 
precipitation of any of the solids occurred. 
 
 
 
Table E-1: Sorption on Hydrous Ferric Oxide (HFO) (Dzombak and Morel 1990) 
600 
High affinity binding sites (Fe(st)OH) (mol/mol) 0.005  
Low affinity binding sites (Fe(wk)OH) (mol/mol) 0.200 
HFO mass (g/mol Fe) 89 
 
 
 
                                                 
47 Environmental Research Software, Hallowell, ME, U.S.A. 
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Table E-2: Surface Complexation Reactions, Stoichiometric Coefficients, and 
Equilibrium Constants used in Chemical Equilibrium Modeling of Arsenic 
Adsorption on FGI110 Fibers (Iron Oxide Phase: Hydrous Ferric Oxide; Two-layer 
HFO Model)  
Species* Components 
 H2O** H+ AsO43- Ca2+ CO32- PO43- Si(OH)4 SO42- Coul. Log K 
≡FeHAsO4 -1 2 1      -1 23.51 
≡FeH2AsO4 -1 3 1       29.31 
≡FeOH-AsO4 3-   1      -3 10.58 
           
≡FeHPO4
- -1 2    1   -1 25.39 
≡FePO4
2- -1 1    1   -2 17.72 
≡FeH2PO4 -1 3    1    31.29 
           
≡FeSO4 - -1 1      1 -1 7.78 
≡FeOH-SO42-        1 -2 0.79 
           
≡FeOCa+  -1  1     1 -5.85 
           
≡FeOH2 +  1       1 7.29 
≡FeO-  -1       -1 -8.93 
           
≡FeO-Si(OH)3 -1      1   4.28 
≡FeOH-SiO32- -1 -2     1  -2 -12.2 
≡FeOH-
SiO2(OH) - 
-1 -1     1  -1 -3.7 
           
≡FeOCO2
- -1 1   1    -1 12.6 
≡FeOH-CO2 -1 2   1     18.7 
* All equilibrium constants were obtained from Dzombak and Morel (1990) except for carbonate and 
silicate systems. For these two systems, equilibrium constants were obtained from Holm (2002). 
**A blank in different cells indicates a stoichiometric coefficient of zero. 
Coul-Columbic term, K-sorption equilibrium constant 
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Table E-3: Constant Input Species Concentrations (Cl-, Fe3+, Na+, Fe(st)OH and 
Fe(wk)OH species are Variables) 
Species Conc. (mol/L) 
AsO43- 1.33×10-5 
Ca2+ 1.4×10-3 
CO32-* 2.825×10-3 
F- 5.79×10-5 
K+ 2.44×10-4 
Mg2+ 6.050×10-4 
Mn2+ 9.09×10-7 
NO3- 2.26×10-5 
PO43- 1.06×10-6 
Si(OH)4 5.5×10-4 
SO42- 2.88×10-3 
*Based on pH 7.6 and 134 mg/L alkalinity as CaCO3 
Solids: No solids present 
 
 
 
 
 
 
 
 
 
 
Table E-4: Input Species Concentrations and Ion Balance Quality Control (10g/L 
FGI110; Initial Fudge Factor: 3.8 (Obtained from Holm (2002)) 
Species* Conc. (mol/L) 
Cl-  (mol/L) 9.901×10-5 
Fe3+ (M)** 1.4×10-1 
Na+ (mol/L) 7.901×10-4 
Coulomb 1.000×10-2 
Fe(st)OH (mol/L) 9.200×10-5 
Fe(wk)OH (mol/L) 3.68×10-3 
Ion balance  (IB) (eq/L) -1.221×10-3 
Ionic strength  (MU) (eq/L) 1.75×10-2 
Ratio (IB/MU)$ 0.070 
* Cl- and Na+ ions are adjusted to ensure that the IB is less than 10% of the ionic strength. 
** Fe (III) on media is multiplied by 3.8 in the case of hydrous ferric oxide only (Holm 2002) 
$A criterion to check if the ion balance is less than 10% of the ionic strength (MU). 
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Table E-5: Concentration of Solid Phase Species (10g/L FGI110; Initial fudge 
factor: 3.8 (obtained from Holm (2002)) 
Solids Species Log C Log K 
Thenardite -9.553 -0.67 
As2O5 -40.074 33.31 
Lime -20.99 -32.81 
Portlandite -11.095 -22.92 
Ca4H(PO4)3:3H2O -19.901 44.54 
CaHPO4:2H2O -7.235 18.19 
Hydroxylapatite -10.939 41.68 
Fe(OH)2.7Cl.3 -1.168 2.66 
Artinite -7.588 -10.18 
Hydromagnesite -18.269 6.81 
Lepidocrocite -2.08 -1.72 
Goethite -1.2 -0.84 
Ferrihydrite -3.9 -3.54 
Maghemite -7.804 -7.08 
K-Jarosite -19.611 13.07 
Magnesioferrite -6.584 -17.67 
Na-Jarosite -22.7 9.47 
H-Jarosite -26.237 10.37 
Periclase -9.89 -21.7 
Brucite -5.15 -16.96 
Mg(OH)2 -7.1 -18.91 
MgHPO4:3H2O -8.07 17.37 
Sepiolite -10.68 -15.99 
Chrysotile -9.322 -32.55 
Pyrochroite -6.322 -15.31 
Ca3(AsO4)2:4H2O -20.54 17.37 
FeAsO4:2H2O -17.793 19.26 
Mn3(AsO4)2:8H2O -19.251 27.17 
Gypsum -1.786 4.15 
MnCl2:4H2O -17.167 -3.06 
Nesquehonite -5.012 4.21 
Thermonatrite -13.14 -0.98 
Natron -11.192 0.97 
Strengite -12.249 25.36 
Epsomite -4.284 1.67 
Mirabilite -8.117 0.77 
Cristobalite -2.753 3.35 
SiO2 -3.363 2.74 
Chalcedony -2.553 3.55 
Quartz -2.103 4 
  (contd.) 
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Table E-5: Concentration of Solid Phase Species (10g/L FGI110; Initial fudge 
factor: 3.8 (obtained from Holm (2002)) (contd.) 
Solids Species Log C Log K 
CaHPO4 -6.955 18.47 
MnHPO4 -3.667 24.59 
Aragnote -1.367 7.84 
Calcite -1.187 8.02 
Huntite -8.747 28.12 
Dolomite -2.26 15.62 
Fluorite -1.614 10.15 
Ca3(PO4)2 -11.831 27.19 
Anhydrite -2.036 3.9 
Halite -8.828 -1.72 
Magnesite -2.222 7 
Rhodochrosite -1.925 10.12 
Fe2(SO4)3 -52 2.01 
MgF2 -3.999 7.78 
Mg3(PO4)2 -17.516 21.55 
Mn3(PO4)2 -25.435 22.1 
MnSO4 -11.816 -3.04 
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APPENDIX F: SOLUTION pH 
 
The variations of solution pH with aging time for samples aged for 90- and 180-
days under different conditions are shown in Figs. F-1 through F-3. 
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Figure F-1: Variation of Solution pH with Aging Time of Samples Aged for 90-and 
180-days (Arsenic Present during the Aging Process): (a) pH 6, (b) pH 8 (average of 
two replicates) 
90d_No Ferrous Iron-Sample aged for 90 days in absence of ferrous iron ions, 90d_0.3mg/L Ferrous Iron-
Sample aged for 90 days in the presence of 0.3 mg/L ferrous iron ions 
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Figure F-2: Variation of Solution pH with Aging Time of Samples Aged for 90 days: 
(a) pH 6, (b) pH 8 (average of two replicates) 
No As_No Fe- Samples aged in the absence of both arsenic and ferrous iron ions, No As_Fe-Samples aged 
in the presence of ferrous iron without arsenic ions, As_No Fe-Samples aged in the presence of arsenic 
without ferrous iron ions, As_Fe- Samples aged in the presence of both arsenic and ferrous iron ions 
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Figure F-3: Variation of Solution pH with Aging Time of Samples Aged for 90- and 
180-days in the Absence of Arsenic (Intermediate pH Adjustments): (a) pH 6, (b) pH 
8 (average of two replicates) 
90d_No Ferrous Iron-Sample aged for 90 days in absence of ferrous iron ions, 90d_0.3mg/L Ferrous Iron-
Sample aged for 90 days in the presence of 0.3 mg/L ferrous iron ions 
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 APPENDIX G: INTERACTION PLOTS 
 
This section presents interactive plots describing interactions among different 
factors of fresh, 90-day, and 180-day aged samples (Figs. G-1 through G-20).  
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(a) 
 
(b) 
 
Figure G-1: Interaction between Aging Time and Other Factors for Fresh and 90-
day Samples, Aged in the Absence of Arsenic Ions for the “without pH adjustments” 
Scenario: (a) Solution pH, (b) Ferrous Iron ions. 
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Figure G-2: Interaction between Initial Solution pH and Ferrous Iron Ions for Fresh 
and 90-day Samples, Aged in the Absence of Arsenic Ions for the “without pH 
adjustments” Scenario)  
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(a) 
 
(b) 
 
Figure G-3: Interaction Plots between Aging Time and Other Factors of Samples 
Aged for 90- and 180 Days in the Presence of the Arsenic Ions for the “without pH 
adjustments” Scenario: (a) Initial Solution pH, (b) Ferrous Iron Ions  
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Figure G-4: An Interaction Plot between Initial Solution pH and Ferrous Iron Ions 
of Samples Aged for 90- and 180-days in the Presence of Arsenic Ions for the 
“without pH adjustments” Scenario  
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Figure G-5: An Interaction Plot between Initial Solution pH and Arsenic Presence 
of 90-days Samples for the “without pH adjustments” Scenario  
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(a) 
 
 
(b) 
 
Figure G-6: Interaction Plots between Ferrous Iron Ions and Other Factors of 90-
days Aged Samples for the “without pH adjustments” Scenario: (a) Arsenic 
Presence, (b) Initial Solution pH  
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Figure G-7: An Interaction Plot between Ferrous Iron Ions and Intermediate pH 
Adjustments of Fresh Media (without aging) for the “with pH adjustments” 
Scenario 
pH Adjustments: 0 if no pH adjustments and 1 if pH adjustments 
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(a) 
 
(b) 
 
Figure G-8: Interaction Plots of Initial Solution pH with Other Factors for Fresh 
Media (without aging) for the “with pH adjustments” Scenario: (a) Ferrous Iron 
Ions (b) Intermediate pH Adjustments 
pH Adjustments: 0 if no pH adjustments and 1 if pH adjustments 
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(a) 
 
(b) 
 
Figure G-9: Interaction Plots of Initial Solution pH with Ferrous Iron Ions for 90-
day Aged Samples for Diffraction Angles: (a) 21.42° (b) 36.9° (Initial Solution pH = 
0 for pH 6 and 1 for pH 8; Ferrous Iron = 0 if Ferrous Iron is Absent and 1 if 0.3 
mg/L Ferrous Iron is Present During the Aging Process) 
2Theta1-Diffraction angle at 21.42° 
2Theta2-Diffraction angle at 36.9° 
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(a) 
 
(b) 
 
Figure G-10: Interaction Plots of Initial Solution pH with Arsenic Presence for 90-
day Aged Samples for Diffraction Angles: (a) 21.42° (b) 36.9° (Initial Solution pH = 
0 for pH 6 and 1 for pH 8; Aspresence = 0 if Arsenic is Absent and 1 if 60 mg/L 
Arsenic is Present During the Aging Process) 
2Theta1-Diffraction angle at 21.42° 
2Theta2-Diffraction angle at 36.9° 
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(a) 
 
(b) 
 
Figure G-11: Interaction Plots of Ferrous Iron Ions and Arsenic Presence for 90-day 
Aged Samples for Diffraction Angles: (a) 21.42° (b) 36.9° (Ferrous Iron = 0 if 
Ferrous Iron is Absent and 1 if 0.3 mg/L Ferrous Iron is Present During the Aging 
Process; Aspresence = 0 if Arsenic is Absent and 1 if 60 mg/L Arsenic is Present 
During the Aging Process) 
2Theta1-Diffraction angle at 21.42° 
2Theta2-Diffraction angle at 36.9° 
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(a) 
 
(b) 
 
Figure G-12: Interaction Plots of Aging Time with Initial Solution pH for 21.42° 
Diffraction Angle: (a) Arsenic Absent, (b) Arsenic Present (Aging Time = 0 if 90 
days of Aging and 1 if 180 days of Aging; Initial solution pH = 0 for pH 6 and 1 for 
pH 8 Used During the Aging Process) 
FWHM_1-Fulll-width at half-maximum value at 21.42° 
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(a) 
 
(b) 
 
Figure G-13: Interaction Plots of Aging Time with Initial Solution pH for 36.9° 
diffraction angle: (a) Arsenic Absent, and (b) Arsenic Present (Aging Time = 0 if 90 
days of Aging and 1 if 180 days of Aging; Initial solution pH = 0 for pH 6 and 1 for 
pH 8 Used During the Aging Process 
FWHM_2-Fulll-width at half-maximum value at 36.9° 
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Figure G-14: Interaction Plots of Aging Time with Ferrous Iron Ions for 21.42° 
Diffraction Angle: (a) Arsenic Absent, (b) Arsenic Present, (Aging Time = 0 for 90 
days of Aging and 1 for 180 days of Aging; Ferrous Iron = 0 if Ferrous Iron is 
Absent and 1 if 0.3 mg/L Ferrous Iron is Present During the Aging Process) 
FWHM_1-Fulll-width at half-maximum value at 21.42° 
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Figure G-15: Interaction Plots of Aging Time with Ferrous Iron Ions for 36.9° 
Diffraction Angle: (a) Arsenic Absent, and (b) Arsenic Present (Aging Time = 0 for 
90 days of Aging and 1 for 180 days of Aging; Ferrous Iron = 0 if Ferrous Iron is 
Absent and 1 if 0.3 mg/L Ferrous Iron is Present During the Aging Process) 
FWHM_2-Fulll-width at half-maximum value at 36.9° 
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(a) 
 
(b) 
 
Figure G-16: Interaction Plots of Initial Solution pH with Ferrous Iron Ions for 
21.42° Diffraction Angle: (a) Arsenic Absent, (b) Arsenic Present (Initial Solution 
pH = 0 for pH 6 and 1 for pH 8; Ferrous Iron = 0 if Ferrous Iron is Absent and 1 if 
0.3 mg/L Ferrous Iron is Present During the Aging Process) 
FWHM_1-Fulll-width at half-maximum value at 21.42° 
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(a) 
 
(b) 
 
 
Figure G-17: Interaction Plots of Initial Solution pH with Ferrous Iron Ions for 
36.9° Diffraction Angle: (a)  Arsenic Absent, and (b) Arsenic Present (Initial 
Solution pH = 0 for pH 6 and 1 for pH 8; Ferrous Iron = 0 if Ferrous Iron is Absent 
and 1 if 0.3 mg/L Ferrous Iron is Present During the Aging Process) 
FWHM_2-Fulll-width at half-maximum value at 36.9° 
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(b) 
 
 
Figure G-18: Interaction Plots of Initial Solution pH and Ferrous Iron Ions of the 
90-day Aged Samples for Diffraction Angles: (a) 21.42° (b) 36.9° (Initial Solution pH 
= 0 for pH 6 and 1 for pH 8; Ferrous Iron = 0 if Ferrous Iron is Absent and 1 if 0.3 
mg/L Ferrous Iron is Present During the Aging Process) 
FWHM_1-Fulll-width at half-maximum value at 21.42°, FWHM_2-Fulll-width at half-maximum value at 
36.9° 
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Figure G-19: Interaction Plots of Initial Solution pH and Arsenic Presence of the 90-
day Aged Samples for Diffraction Angles: (a) 21.42° (b) 36.9° (Initial Solution pH = 
0 for pH 6 and 1 for pH 8; Aspresence = 0 if Arsenic is Absent and 1 if 60 mg/L 
Arsenic is Present During the Aging Process) 
FWHM_1-Fulll-width at half-maximum value at 21.42°,FWHM_2-Fulll-width at half-maximum value at 
36.9° 
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Figure G-20: Interaction Plots of Ferrous Iron Ions and Arsenic Presence of the 90-
day Aged Samples for Diffraction Angles: (a) 21.42° (b) 36.9° (Ferrous Iron = 0 if 
Ferrous Iron is Absent and 1 if 0.3 mg/L Ferrous Iron is Present; Aspresence = 0 if 
Arsenic is Absent and 1 if 60 mg/L Arsenic is Present During the Aging Process) 
FWHM_1-Fulll-width at half-maximum value at 21.42°, FWHM_2-Fulll-width at half-maximum value at 
36.9° 
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APPENDIX H: X-ray DIFFRACTION (XRD) ANALYSIS 
 
H1. XRD Data Processing Steps 
1) Fit/remove the background (variables: amorphous background, 2θ range: 15-65o, 
background–offset: 0.8, sigma = 0.8, and strip Kα2). Fig. H1-1 shows the process of 
background fitting/removal for a representative sample, 21 A. The XRD pattern of the 
sample 21A, after the background fitting/removal, is shown in Fig. H1-2.   
2) Smooth the data using the Fast Fourier transformation (FFT) of the XRD pattern in 
theta space (FFT Terms: 2048, base term: 1, window: 115, Gaussian damping factor: 
0) and save the derived pattern in the *.xml format. Fig. H1-3 shows the process of a 
noise reduction for the sample 21A using the Fast Fourier transformation method, 
where the red line represents the reduced XRD spectrum for sample, as also shown in 
Fig. H1-4.    
3) Open the derived pattern for processing the XRD peaks.  Select area for peak 
processing, go to “Analyze” and select the “Pseudo-Voigt Function” for fitting the 
peak profile (variables: linear background, Lorentzian term: 0.5, Skewness: 0.0). 
Refine the peak-fitting by varying different variables, such as peak height, diffraction 
angle, FWHM, shape, and skewness values. Save the fitted peak profile as *.pft 
extension and also as *.dif extension.  
4) Peak search: Go to “Analyze” and select “Find Peaks” (variables: parabolic filter, 
peak location: summit, screen out Kα2, estimated standard deviation: 3, intensity 
cutoff: 0.1%, range to find background: 1, points to average background: 7). Fig. H1-
5 shows an example of a representative peak search process for the sample 21A and 
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Table H1-1 shows the relevant peak search report after the peak search process. The 
peak search report summarizes the information about interplanar-spacing (d), peak 
height, peak area, FWHM, and crystallite size at significant peak locations in the 
fitted-peak profile, which was obtained performing step # 3.  
5) Peak Identification: Go to “Search/Match (S/M)” (variables: 2θ error window: 0.12, 
intensity matching: 5, 2θ matching: 5, solid solution range: 0%, figure-of-merit 
(FOM) cutoff: 50). Fig. H1-6 shows an example of a representative phase 
identification output, where the original XRD spectrum and locations of the 
significant peaks could be seen. In addition, Fig. H1-6 also shows the listing of 
different probable mineral phases with FOM values less than 50. Different mineral 
phases are ranked in the increasing order of their FOM values (i.e., the mineral with 
the lowest FOM value is listed in the beginning of the list and the mineral with the 
higher FOM value is listed below).  
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Figure H1-1: Background Fitting of the Sample 21A XRD Data 
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Figure H1-2: XRD Pattern of the Sample 21A after Background Removal 
 
 
 
 
Figure H1-3: Fast Fourier Transformation to Reduce Noise from the XRD data 
of Sample 21A 
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Figure H1-4: XRD Pattern of Sample 21A after Noise Reduction 
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Figure H1-5: Peak Search within the XRD Pattern of Sample 21A 
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Table H1-1: Peak Search Report for Sample 21A (Parabolic Filter with 47 
Variables) 
2θ d(Ǻ) Height Area FWHM Crystallite size (Ǻ) 
21.480 4.1335 379 21392 0.961 88 
30.400 2.9379 60 1279 0.362 267 
33.440 2.6775 287 12343 0.732 120 
34.940 2.5659 192 6098 0.539 169 
36.760 2.4429 637 32175 0.859 102 
40.220 2.2404 194 9154 0.802 111 
41.401 2.1792 71 3262 0.777 115 
43.360 2.0851 34 592 0.296 358 
44.180 2.0483 34 685 0.348 292 
45.360 1.9977 36 1239 0.580 161 
50.660 1.8005 46 1790 0.657 143 
51.501 1.7730 56 871 0.264 431 
53.240 1.7191 282 17707 1.068 86 
55.401 1.6571 59 856 0.248 480 
59.200 1.5595 258 10912 0.719 135 
61.520 1.5061 241 8589 0.606 165 
63.780 1.4581 98 5563 0.962 101 
2Θ-diffraction angle, d-inter-planar spacing, FWHM-Full-width at half-maximum 
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Figure H1-6: Phase Identification of Sample 21A  
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H2. XRD Analysis of Goethite Standard   
 
 The XRD spectrum of a goethite standard is shown in Fig. H2-1. Its FWHM 
values at 21.42° and 36.9° diffraction angles were used as instrumental broadening values 
and subtracted from the observed sample FWHM values. 
 
 
 
 
Figure H2-1: Phase Identification of Goethite Standard 
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H3. XRD Analysis of Different Iron Oxide Samples 
 
 This section presents the XRD spectra of GIH E33 and different iron oxide 
samples (Figs. H3-1 through H3-25). These figures also show the list of probable mineral 
phases, identified using the computer-based library of the Joint Committee on Powder 
Diffraction Standards (JCPDS) and ranked based on the figure-of-merit metric.  
 
 
 
 
 
 
 
 
Figure H3-1: Phase Identification of the GIH E33 Media 
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Figure H3-2: Phase Identification of Sample 1A 
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Figure H3-3: Phase Identification of Sample 2A 
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Figure H3-4: Phase Identification of Sample 3A 
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Figure H3-5: Phase Identification of Sample 4A 
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Figure H3-6: Phase Identification of Sample 5A1 
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Figure H3-7: Phase Identification of Sample 6A1 
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Figure H3-8: Phase Identification of Sample 7A1 
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Figure H3-9: Phase Identification of Sample 8A1 
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Figure H3-10: Phase Identification of Sample 9A 
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Figure H3-11: Phase Identification of Sample 10A 
 
 
 
  
275 
 
Figure H3-12: Phase Identification of Sample 11A 
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Figure H3-13: Phase Identification of Sample 12A 
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Figure H3-14: Phase Identification of Sample 13A1 
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Figure H3-15: Phase Identification of Sample 14A1 
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Figure H3-16: Phase Identification of Sample 15A1 
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Figure H3-17: Phase Identification of Sample 16A1 
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Figure H3-18: Phase Identification of Sample 21A 
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Figure H3-19: Phase Identification of Sample 22A 
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 Figure H3-20: Phase Identification of Sample 23A 
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Figure H3-21: Phase Identification of Sample 23A_Goethite Standard 
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Figure H3-22: Phase Identification of Sample 24A_Goethite Standard  
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Figure H3-23: Phase Identification of Sample 25A_Goethite Standard  
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Figure H3-24: Phase Identification of Sample 27A_Goethite Standard 
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Figure H3-25: Phase Identification of Sample 28A_newGStd_Ap4_081 
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